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ABSTRACT
Convective hazards such as lightning, hail, and turbulence are known to be
dangerous to aviation. In order to limit aviation accidents associated with convec-
tion, the Federal Aviation Administration (FAA) has several avoidance policies in
place. Though these policies have been solely based on research performed in the
midlatitude, continental United States (U.S.), U.S. aviation operations in the tropics
still abide by the FAA avoidance policies. In this study, a limited three year clima-
tology of tropical convection is created using both ground-based and satellite-based
radar in the Guam region in order to analyze the frequency of several storm types
and to gain a sense of which storm types could most commonly influence aviation.
Storm types that are classified are shallow stratiform, isolated, mesoscale convective
systems, and tropical cyclones. The results of the climatology indicate that storm
type most frequently present near Guam are isolated. In addition, the frequency of
storms with higher echo top heights increase during the summer months, suggesting
that aviation operations would be most influenced by convection during the summer.
The percentage of time that the area coverage of storms exceeds the FAA avoidance
policy for thunderstorm coverage also increases during the summer months. Using
the Weather Research and Forecast (WRF) model, convection on August 5-6 2005 is
simulated to determine the strength and extent of turbulence caused by convectively
induced gravity waves. Turbulence is estimated using the Ellrod Index and indicates
that Moderate-Severe turbulence is present from 10-20 km, with the greatest con-
centration of Moderate-Severe turbulence at 14 km throughout the entire simulation
period. Further investigation of the Ellrod Index shows a dependency of turbulence
xvi
strength and extent on the horizontal model resolution. The results from the model
simulations are then compared to the avoidance policies set by the FAA to determine
if these policies are representative of tropical convection hazards.
xvii
CHAPTER 1
INTRODUCTION
Thunderstorms produce hazardous weather, including lightning, turbulence
and hail, which can be very dangerous to aviation. Convectively induced turbulence
is an aviation hazard that can cause moderate to severe damage to aircraft and se-
rious injuries to those aboard. According to Golding (2000), turbulence encounters
in general cost the commercial aviation industry millions of dollars a year in insur-
ance premiums, workers compensation, injury settlements, and mechanical repairs,
indirectly increasing the cost of air travel (Sharman et al. 2006). According to the
National Transportation Safety Board (NTSB 2015), two-thirds of turbulence related
accidents occur above 30,000 feet (NTSB 2015) when flight attendants and passen-
gers are unbelted. Furthermore, from 1980 through 2008, U.S. commercial airlines
reported 234 turbulence accidents that resulted in 298 serious injuries and three fa-
talities. Though the number of fatalities due to commercial airline turbulence is very
low, turbulence encounters account for approximately 65% of all weather related com-
mercial aircraft incidents (Sharman et al. 2006). As U.S. aviation operations continue
to increase both nationally and internationally, turbulence encounters and associated
costs will also likely increase.
The Federal Aviation Administration (FAA) has strict thunderstorm avoidance
policies that are drawn from the conclusions of scientific research and field campaigns
conducted solely in the United States (Project Thunderstorm and Oklahoma Study;
Byers and Braham 1949 and Burns et al. 1966). Because these are the best data avail-
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able, U.S. tropical aviation operations also follow the same FAA convection avoidance
policies. However, tropical convective storms have remarkably different characteris-
tics and properties than midlatitude storms. These differences significantly influence
the potential hazards associated with various types of convection.
The goal of this study is to examine the potential turbulence hazards associated
with different types of tropical convection classified using ground-based and satellite-
based radar thresholds near the Guam region. A limited three year climatology
was created describing the frequency of storm types. A 48 hour case day period was
simulated usingWRF to closely examine the degree and extent of convectively induced
turbulence. Finally, the results of these simulations are compared to the avoidance
policies set by the FAA to determine if those avoidance policies are appropriate for
tropical convection.
2
CHAPTER 2
BACKGROUND
Convection is a process that occurs throughout most regions across the world.
However, the properties and hazards associated with convection in various regions dif-
fer in many ways. Several observational and modeling studies have been conducted
in order to further analyze differences between midlatitude and tropical convection.
In this section types and properties of midlatitude and tropical convection, and con-
vective aviation hazards will be discussed.
2.1 Comparison of Known Midlatitude and Maritime Tropical
Convection Properties
2.1.1 Midlatitude Isolated Shallow Convection
Midlatitude isolated shallow convection is composed of cumulus clouds that
may or may not become cumulonimbus clouds. According to Byers and Braham
(1949), only an extremely small number of cumulus clouds continue to grow and attain
thunderstorm proportions, due to the negative impacts of dry air entrainment (Wu et
al. 2009). Properties of shallow cumulus clouds also vary drastically depending upon
the entrainment process (Belair et al. 2005). The dimensions of shallow convective
clouds differ between simulation studies and observational case studies. In general
it is characterized by a horizontal scale of approximately 2-8 km and vertical scale
of approximately 5 km (Blyth et al. 2005, Markowski and Richardson 2010). The
lifecycle of shallow cumulus convection first begins above a thermal, having no radar
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reflectivity, yet strong vertical development (Byers and Braham 1949, Heus et al.
2009). During the mature stage, the inflow of air from the thermal below the cloud
is in balance with the detrainment from the cloud into the environment (Heus et al.
2009). Features of a shallow cumulus cloud during the mature stage as determined
from simulations include a strengthening updraft throughout most of the cloud and
weaker downdrafts at the cloud edge (Blyth et al. 2005). Maximum vertical velocities
within such updrafts occur at higher altitudes later in the mature stage, and were
observed to be greater than 15 m s-1 on some occasions (Byers and Braham 1949). In
model simulations performed by Blyth et al. (2005), updraft velocities were observed
to reach 12 m s-1 (Fig. 1). Finally, the dissipation phase of shallow convective cumulus
cloud takes place when the subcloud thermal has died out and detrainment begins to
mix the cloud away into the environment (Heus et al. 2009).
Figure 1: Simulation of cumulus clouds in Florida (Blyth et al. 2005, Figure 3D).
Cloud liquid water content is contoured using 1 g m-3 intervals. Arrows represent
airflow (m s-1) in the plane of the cross section. The area circled in red indicates the
updraft region.
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2.1.2 Midlatitude Isolated Deep Convection
Midlatitude isolated deep convection is defined herein as cumulonimbus clouds
that are often associated with violent phenomena (Ludlam 1976). The lifecycle of an
ordinary isolated deep convective cell begins with the towering cumulus stage with a
cloud 5-8 km in horizontal extent, cloud tops extending past the freezing level up to 6
km, and a single updraft driven by buoyancy only (Markowski and Richarson 2010).
Next, the mature stage features the production of precipitation particles that are
large enough to fall through the updraft, which reduces updraft buoyancy through
hydrometeor loading. A downdraft is formed as falling hydrometeors cool the air
through evaporation, which creates a gust front once it reaches the ground. It is also
during this stage that the anvil begins to develop. The convective cloud has grown
vertically to approximately 12 km, and extends 8-16 km in the horizontal. The last
stage is dissipation, where the downdraft completely takes over the cell. Rain-cooled
air spreads away from the updraft, cutting off the potentially buoyant inflow, which
substantially weakens the updraft and leaves an orphan anvil composed entirely of
ice crystals. The cloud feature in this stage is now 8-11 km in horizontal extent and
extends to approximately 11 km in the vertical. The typical lifetime of this type
of convection is approximately 30-60 minutes. A subset of isolated deep convection
are supercells. Though supercells are the least common storm type worldwide, they
are associated with the greatest number of severe weather reports (Markowski and
Richardson 2010). Supercells most commonly have a lifetime between 1-4 hours
but have been known to last longer than 5 hours. In addition, supercells occur in
environments with large vertical wind shear upward throughout a large portion of
the troposphere. Furthermore, supercells generally have a horizontal extent greater
than 20 km and a vertical extent greater than 15 km. Supercells are characterized by
a single updraft and two main downdraft regions, the rear-flank downdraft and the
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forward-flank downdraft. The updraft within a supercell can have vertical velocities
that exceed 50 m s -1 (Bunkers et al. 2006).
2.1.3 Midlatitude Mesoscale Convective Systems
Mesoscale convective systems (MCS) are defined by the National Weather
Service as a complex of thunderstorms that becomes organized on a scale larger than
the individual thunderstorms and normally persists for several hours or more (NOAA
2014). Houze (2004) describes this type of convection as a cumulonimbus system
that produces a continuous precipitation area approximately 100 km or greater in one
direction. In warmer midlatitude locations, these systems account for a large fraction
of precipitation and contain both convective and stratiform regionswith the possibility
of developing mesoscale circulations (Houze 2004). Within the convective region,
intense vertical cores are present, in contrast to more uniform light precipitation that
is present within the stratiform region (Houze 2004).
Several environmental factors that may contribute to the formation of MCSs
(Markowski and Richardson 2010). One example is upscale growth, which begins
from the outflows of isolated convection that have merged into a large cold pool.
This merged cold pool then initiates new convection along the boundary and can
lead to severe weather events. Another example is environments with deep-layer
wind shear and environmental storm-relative winds at upper levels that are parallel
to the boundary. In this scenario, MCS formation occurs in weakly capped environ-
ments, immediately after convective initiation, due to strong forcing along an airmass
boundary.
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2.1.4 Tropical Isolated Shallow Convection
Tropical convection connects radiation, dynamics, and the hydrological cycle
in the atmosphere, making it an important component of the climate system (Arakawa
2004). Tropical convective clouds can be divided into three categories: boundary
layer, shallow, and deep (Folkins et al. 2008). Shallow convective clouds, more
specifically cumulus and cumulus congestus, are the most abundant cloud type below
the freezing layer. These clouds account for one-third of convective rainfall in the
western Pacific warm pool region (Folkins and Martin 2005, Folkins et al. 2008) and
one-fifth of total rainfall over the tropical oceans (Short and Nakamura 2000). Shallow
cumulus clouds have a horizontal extent of 1 km and cloud tops are typically between
5 and 7 km, but these clouds can detrain at altitudes as high as 8 km (Khairoutdinov
and Randall 2006, Johnson et al. 1999, Folkins and Martin 2005). Observed radar
echoes of shallow cumulus clouds from the Global Atmospheric Research Program
Atlantic Tropical Atlantic (GATE) project had horizontal areas of 1-102 km2 (Houze
and Cheng 1977) and radar echo tops of precipitating cumulus congestus clouds varied
between 4.5 and 9.5 km (Johnson et al. 1999). Observations from the Tropical
Ocean Global Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA
COARE) over the western Pacific warm pool region showed that small scale cloud
systems almost always formed over the ocean in the afternoon for approximately 1-3
hours when the ocean and atmosphere were the warmest (Chen and Houze 1997).
These clouds are an important vertical moisture transport mechanism in the trade
wind region (Johnson et al. 1999), providing environment alterations that favor deep
convection by increasing the relative humidity in the lower troposphere at a rate of
2 g kg-1 day-1 (Folkins et al. 2008, Waite and Khouider 2010). However, only 26% of
the total cumulus population between 3 and 7 km continue to grow and develop into
cumulonimbus clouds (Kumar et al. 2013). Factors such as the existence of low-level
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wind shear, humidity of the lower troposphere, low level convergence, and convective
available potential energy (CAPE) determine whether or not a shallow cumulus cloud
will develop into a cumulonimbus cloud (Folkin et al. 2005).
2.1.5 Tropical Isolated Deep Convection
Deep convective clouds such as those produced by isolated cells and mesoscale
convective systems provide the tropics with the majority of its rainfall (Folkins et al.
2008). Over the oceans, heavy rain events contribute to a nighttime maximum in
precipitation (Chen and Houze 1997). Deep convective clouds have three main re-
gions: convective core, stratiform, and anvil. The convective core region contains the
developing updraft with vertical velocities, near the 0 ◦C isotherm, between 10-12 m
s-1 over tropical land and 4-5 m s-1 over tropical ocean (Wu et al. 2009). Several
observational and modeling studies have been conducted in order to more accurately
determine vertical velocities in both midlatitude and tropical convection. Field cam-
paigns in which updraft cores in tropical oceanic regions were penetrated with aircraft
include KWAJEX, TWP-ICE, GATE, TOGA COARE, and EMEX (Anderson et al.
2005, Wu et al. 2009, Xu and Randall 2001, LeMone and Zipser 1980, Lucas et al.
1994). Table 1 is a summary of relevant findings from several of the field campaigns
that took place in the tropics. KWAJEX took place during the summer of 1999, over
the Kwajalein Atoll of the Marshall Islands in the Pacific. Updrafts were identified
as regions where the vertical velocity was continuously greater than 1 m s-1 for at
least 500 m, with an updraft core diameter less than 7 km. Results from KWAJEX
showed that no vertical velocity greater than 17 m s-1 were measured during this
field campaign (Anderson et al. 2005). TWP-ICE took place in the area around
Darwin, Australia and during it various convective regimes were sampled through-
out the study period. Model simulations of the collected observations showed that
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simulated median updraft velocities were less than 5 m s-1, while the 90th percentile
of simulated updraft velocities were greater than 5 m s-1 with a maximum updraft
velocity between 7-20 m s-1 above 300 mb (Wu et al. 2009). Moreover, throughout
the break period, vertical velocities were between 20-40 m s-1 for the 90th percentile
drafts at 300 mb (Wu et al. 2009). For the GATE campaign in the tropical Atlantic,
a six day sampling period contained no updraft core with a one-minute mean vertical
velocity greater than 8 m s-1 or a maximum one second velocity greater than 15 m s-1
(LeMone and Zipser 1980). It was also observed that the 90th percentile of updraft
cores in the middle troposphere exceeded 2 km in diameter and had mean vertical
velocities greater than 5 m s-1 (LeMone and Zipser 1980). Lastly, the mean vertical
velocity of updraft cores over the Pacific Ocean during EMEX was 2.2 m s-1 and the
maximum was 3.2 m s-1 (Lucus et al. 1994).
Over the ocean, the stratiform region contains stratiform rain decks that can
be heavily precipitating (Futyan and Del Genio 2007). In addition, a greater percent-
age of stratiform rain fraction is common over the ocean due to greater sustainability
and the continual generation and disintegration of convection (Schumacher and Houze
2006). The stratiform cloud deck generally begins at 5 km in the vertical and extends
to the tropopause (Houze 1982). Cirrus anvils are produced by the outflow of one or
multiple deep convective cells and have large variations in thickness ranging from less
than 1 km near anvil edges to several kilometers closer to convective turrets (Ack-
erman et al. 1988). Detrainmentthe outflow of deep cumulonimbus and stratiform
cloudsis found between 10 and 17 km (Folkins et al. 2005). Radar echoes from GATE
showed that deep convection had horizontal areas between 102-105 km2 (Houze and
Cheng 1977); however, the horizontal scale of deep convection is not determined by
the depth of convection (Futyan and Del Genio 2007). Studies using Tropical Rainfall
Measuring Mission (TRMM) satellite measurements show that nearly half of tropical
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Table 1: Summary of field projects in which vertical velocities in deep convection in tropical regions were measured. *
represents the average vertical velocity.
Field Cam-
paign
Location Median
Vertical
Velocity
(m s-1)
Height
(km)
90th Per-
centile
Vertical
Velocity
(m s-1)
Height
(km)
References
KWAJEX Marshall
Islands
3-5 6-7 < 17 N/A Anderson
et al. 2005
GATE Tropical
Atlantic
< 8-15 N/A > 5* N/A LeMone
and Zipser
1980
TWP-ICE Near Dar-
win, AU
5-10 550-300
mb
5-40 500-300
mb
Wu et al.
2009
EMEX Pacific
Ocean
2.2-3.2* N/A N/A N/A Lucus et
al. 1994
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oceanic deep convection has maximum 20 dBZ echo top heights between 6 and 10 km
and maximum 30 dBZ echo top heights between 5-7 km (Toracinta et al. 2002).
The diurnal heating of the ocean and atmospheric boundary layer provides for
an afternoon initiation of oceanic convection and convective sustainability (Futyan
and Del Genio 2007). Full maturity of these storms is reached during the night and
early morning. Furthermore, full maturity can be seen by the maximum of cold cloud
cover over the ocean before dawn, especially when the intraseasonal oscillation, i.e.
a 30-60 day period of fluctuations in rainfall, is convectively active (Chen and Houze
1997).
These convective systems begin with low-level convergence and an updraft,
followed by a stratiform region with low-level divergence, and the formation of a
downdraft (Hagos et al. 2013). As longer lived systems grow and mature, the bound-
ary layer is filled with air that has lower moist static energy, and a cloud canopy
that partially shades the ocean surface from the sun is formed. An environment that
is not favorable for widespread convection the following day is created, leading to
a bi-diurnal cycle for larger cloud systems over the ocean (Chen and Houze 1997).
Thus, the diurnal cycle of deep convection over the ocean is dependent on the size of
the cloud system and available midtropospheric moisture before and after initiation
(Chen and Houze 1997, Hagos et al. 2013). Studies have also demonstrated that
low-level and upper level shear positively increase the longevity of storms over the
ocean (Hagos et al. 2013), while the intensity of deep convection is correlated to the
cloud top temperature, size, and lifetime (Futyan and Del Genio 2007).
2.1.6 Tropical Mesoscale Convective Systems
Previous studies have shown that tropical cumulonimbus clouds are often
organized into mesoscale convective systems (MCS) such as squall lines (Johnson et
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al. 1999), the largest of convective storms (Houze 2004), and account for 50-80% of
tropical rainfall (Toracinta and Zipser 2001). These precipitating convective clusters
occupy approximately 15-20% of the tropics between 5-25 ◦latitude (Lane et al. 2001)
and frequently merge into superclusters or mesoscale convective complexes (Fityan
and Del Genio 2007). In fact, the largest MCS systems in the world occur over
the Pacific warm pool region (Houze 2004). Tropical MCSs are characterized by a
group of deep convective cells connected by extensive stratiform cloud decks in the
middle to upper troposphere, and a large cirrus anvil shield formed from the outflow
of cumulonimbus cells (Sherwood and Wahrlich 1999). The horizontal dimensions of
the convective and stratiform precipitation regions of these MCSs are approximately
30 km and 125 km, respectively, (Houze 2004) and have radar echoes of horizontal
area around 105-106 km2 (Houze and Cheng 1977). According to Houze (2004),
the convective area within superclusters is no greater than ordinary tropical MCSs,
but the areal coverage of the stratiform precipitation region is much greater. One
important difference between the stratiform region in MCSs over tropical ocean and
tropical land is the higher fraction of rainfall produced by deep stratiform ice clouds
over the ocean (Houze 2004). Anvil regions generally have bases near 5-6 km and tops
between 12-16 km. The anvil structure, depending upon the stage of development,
may consist of a midlevel deck with a thinner anvil deck near the tropopause, a single
deep deck which has varying ice content with height, or a single elevated deck in the
upper troposphere (Ackerman et al. 1988).
According to Sherwood and Wahrlich (1999), the typical life stages of a tropical
MCS start with the formation stage, where isolated convective cells begin to arrange
in a line or randomly organize. This is followed by the intensification stage is where
the isolated cells begin to grow and merge together. During this stage the anvil cirrus
shield is formed from the outflow of convective cells and mesoscale drafts. Next,
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the mature stage occurs with the formation of large stratiform cloud decks, which
precipitate continuously. Updrafts of mature tropical oceanic MCSs are not as strong
as those found in tropical continental MCSs due to almost moist adiabatic lapse rates
over the ocean, leading to less buoyancy at low levels, and less growth of ice particles
by riming (Houze 2004). With weaker updraft strength, fewer graupel particles reach
the higher levels of the system, resulting in less radiation being scattered by ice
hydrometeors and less lightning production (Houze 2004). If a mesoscale convective
vortex (MCV) forms during the mature stage over warm ocean waters, this could
be indicative of the beginning stages of a tropical cyclone (Miller and Fritsch 1991).
Finally, the dissipation phase marks when active convection weakens and decays, while
the stratiform and anvil clouds remain for several hours afterwards before dissipating.
In summary, tropical MCSs and midlatitude MCSs have three significant dif-
ferences. The first is that the updraft of a midlatitude MCS is stronger due to greater
buoyancy at low levels. Secondly, there is less growth of ice particles by riming in
tropical MCS convective cores. Lastly, there is less transport of larger ice particles to
higher altitudes in tropical MCSs (Houze 2004).
2.1.7 Tropical Cyclones
Tropical cyclones are described by the American Meteorological Society Glos-
sary as any low pressure system having a closed circulation and originating over a
tropical ocean (AMS 2014). The diameter of tropical cyclones varies from 100 to
greater than 1000 km (AMS 2014). However, according to Molinari et al. (2012)
tropical cyclones only have active convection in less than 10% of the total area. Ac-
cording to Houze (2010), there are four stages in the lifecycle of a tropical cyclone.
The first stage begins as an MCS with one or more isolated deep vortical hot towers.
Vorticity is stretched and advected upward in the low-level environment by conver-
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gence in the lower portion of the updraft. In the second stage, hot towers associated
with the MCS begin to die off forming a precipitating stratiform cloud, while new
towers form. During the third stage, a midlevel MCV is eventually formed by por-
tions of convective cells as the stratiform region gains positive vorticity. In the last
stage, new cell development no longer continues; however, the MCV vorticity remains
in the stratiform rain region for hours.
Three main cloud features are present within a tropical cyclone: the eyewall,
the inner rainband and the outer rainband (Cecil et al. 2002). The eyewall is described
as a quasi-circular ring of precipitation that surrounds the circulation center (Cecil
et al. 2002). The inner band region extends from the eyewall outward approximately
100 km and is bounded by a no-precipitation slot and an outer rainband (Cecil et
al. 2002). In the inner band, stratiform rain is the primary precipitation type with
weak convection. Additionally, vertical velocities are weaker than in the eyewall,
radar reflectivities decrease more with height above the freezing level than in other
regions of the cyclone, and ice scattering signatures detected from satellite are almost
completely absent (Cecil et al. 2002). The outer rainband is located 150-200 km
away from the center circulation and includes any precipitation associated with the
cyclone (Cecil et al. 2002). It is in the outer rainband region that the strongest
vertical velocities other than within the eyewall are found due to the presence of
more supercooled liquid water (Cecil et al. 2002). In addition, Heymsfield et al.
(2010) found that the maximum vertical velocity within tropical cyclone hot towers
occurs at 12 km altitude.
In the region of interest for this study, i.e. the northwestern Pacific, the major-
ity of tropical cyclones that develop form along the shear zone between the monsoon
westerlies and the trade wind easterlies (Chen and Yen 2006). A 24-year climatology
of tropical cyclones in the northwestern Pacific region (Chen and Yen 2006) shows
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that weaker cyclones comprise the majority of the cyclone population. Another con-
clusion drawn from this study is that cyclone lifetimes are related to intensity: 5-9
days for tropical depressions and typhoons, 7-12 days for strong and very strong ty-
phoons, and 9-15 days for catastrophic typhoons. It was also observed that during
El-Nin˜o years, tropical cyclones were generally stronger and had longer lifetimes, in
contrast to La-Nin˜a years during which most cyclones did not even reach typhoon
intensity.
2.2 Comparison of Known Hazards Associated with Midlatitude and
Maritime Tropical Convection
2.2.1 Lightning
Lightning associated with midlatitude convection has been studied to correlate
trends with severe weather. Schultz et al. (2011) found that the updraft provides
an environment that favors mixed-phase microphysical and precipitation processes,
charge transfer, separation of charge centers, and large in-cloud electric fields, and
is intrinsically related to electric discharges. Lang and Rutledge (2002) describe the
lifecycle of lightning with typical convection beginning as intracloud (IC) after the
development of the ice phase. Once the main core of the cell begins to descend to
lower heights, cloud-to-ground (CG) lightning occurs at a rate of approximately 10
min-1, 90% of which are negatively charged (Lang and Rutledge 2002, Rutledge et
al. 1992). In extreme examples, such as supercells, flash rates can exceed 200 min-1
(Markowski and Richardson 2010), although rates are more commonly 15-30 min-1
for typical severe convection with a majority of IC lightning and less CG.
According to Vonnegut (1994), as a fair weather cumulus cloud grows into a
larger convective cloud the intensity of the electric fields increases a thousandfold, and
the electric energy within the cloud increases a billionfold. As larger water particles
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such as raindrops, graupel, and snow begins to form in the cloud, the electric fields
within the cloud increase exponentially. Furthermore, vegetation and other elevated
points beneath the convective cloud produce positive point discharge currents. As the
electric fields within the cloud continue to increase, a dielectric breakdown occurs and
initiates lightning. The primary cause of electrification within the cloud is the charge
separation process produced by collisions between large and small ice particles. Of
particular concern is that positive cloud to ground lightning can occur more than 100
km away from deep convective cores (Rutledge et al. 1992) in regions such as trailing
stratiform regions within MCSs (Rutledge and MacGorman 1988).
Lightning that is produced in the tropics has several physical properties that
are similar to lightning produced in midlatitudes; however, the frequency of produc-
tion varies. According to Christian et al. (2003), 78% of all global lightning occurs
between 30 ◦N and 30 ◦S. Moreover, systems that produce the most rainfall also
produce the most lightning (Toracinta et al. 2002). There is also a significant differ-
ence between lightning frequencies over tropical land and tropical ocean. Studies have
shown that the likelihood of a precipitating systems having lightning was 40% greater
over land than over the ocean (Lal et al. 2014, Toracinta et al. 2002) and that convec-
tive cells with vertical velocities characteristic of oceanic storms only rarely develop
electric fields strong enough to produce lightning (Zipser 1994). Lightning produced
in tropical regions strongly depends on the life stage of convection (Rutledge et al.
1992), has maximum activity after the system has reached maximum size (Futyan and
Del Genio 2007), and occurs later in the life cycle of convection over the ocean (Hagos
et al. 2013). In addition, Lal et al. (2014) concluded that the optimal level for the
electrification of clouds is between 8 and 14 km, and that weak updraft velocities in
the mixed phase region limits lightning production. It was also concluded that when
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CAPE values are low to moderate (500-1000 J kg-1), lightning frequency is reduced
(Rutledge et a. 1992).
Of the three regions within tropical convection, the stratiform and anvil regions
account for 5% of all lightning and only vary 1-2% throughout the year (Peterson and
Liu 2011). Stratiform flashes are more common than anvil flashes, especially overnight
and into the morning. It was found that the fraction of anvil flashes over land and
ocean are similar, in comparison to more stratiform flashes over ocean than land,
though the convective core produces more lightning over land. In addition, over land
stratiform flashes peak two hours later than anvil flashes. Charge is accumulated
in the stratiform region by advection from the convective core and in situ charge
generation, because precipitation extends below the freezing layer. Furthermore,
lightning in the tropics is characterized by high ratios of IC to CG lightning ratios.
This is because of greater vertical development of the upper dipole region (Fig. 2)
and larger volumes of cloud above the main negative charge center corresponding to
higher tropopause heights, and higher peak currents of return strokes (Rutledge et
al. 1992). Another explanation for high IC/CG ratios is that less shear in tropical
environments leads to less advection of positive charge away from the negative charge
center (Rutledge et al. 1992). IC lightning occurs when the updraft has reached
complete maturity, while CG lightning occurs approximately 5-10 minutes later with
the development of precipitation-induced downdrafts (Rutledge et al. 1992).
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Figure 2: A schematic of electrical charge distribution inside deep convection (Na-
tional Severe Storms Laboratory 2015).
For tropical MCSs, Toracinta and Zipser (2001) found that there is a notice-
able difference between total lightning rates over the ocean and over land as seen
in Fig. 3. In particular, for three-month periods, tropical land regions contained
56-66% of the total lightning cluster population while containing 37-41% of the total
MCS population. In comparison, tropical ocean regions contain 40-45% of the total
MCS population but only contained 15-21% of the total lightning cluster popula-
tion. Lastly, mixed tropical land and ocean regions contained 19-26% of the total
lightning cluster population and 17-22% of the total MCS population (Toracinta and
Zipser 2001). Toracinta and Zipser (2001) concluded that this dramatic difference
between land and ocean lightning populations is because over the ocean, weak up-
drafts through the mixed phase region with small ice particles and small amounts of
supercooled liquid limits flashes.
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Figure 3: Lightning clusters flash counts detected from an Optical Transient Detector
from June-August 1995 (Toracinta and Zipser 2001, Figure 3). Flash counts between
1-3 flashes in the top panel (a) are represented by small dots and small pluses are
used to represent flash counts of 4-24 flashes. In the bottom panel (b), medium pluses
represent 25-75 flashes and large pluses represent flash counts greater than 75.
Lightning frequency within tropical cyclones depends greatly on intensity,
stage, and location. For example, Corbosiero and Molinari (2002) found that there
is a correlation between the direction of the 850-200 hPa vertical wind shear in the
environment and the azimuthal distribution of lightning. Futhermore, Molinari et al.
(2012) found the lightning frequency maximum occurs in the downshear left quadrant
(downshear of the environmental vertical wind shear) within 100 km of the cyclone
eyewall, while the maximum is in the downshear right quadrant 100-300 km away. If
the ambient wind shear exceeds 5 m s-1, the ratio of downshear to upshear flashes is
9:1 (Molinari et al. 2012). The outer rainband region tends to produce more lightning
than the eyewall or inner rainband region, producing 2-4 times more lightning than
non-hurricane tropical ocean convection (Cecil et al. 2002). Together, lightning in
the eyewall and outer rainband region is four times more likely to occur than in the
inner rainband and general tropical oceanic convective samples (Cecil et al. 2002).
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To summarize, tropical oceanic lightning with the exception of lightning produced
by tropical cyclones, is less frequent than tropical lightning over land due to weaker
updrafts that limit charge separation, and is thus less of an aviation hazard.
2.2.2 Hail
Hail with a diameter greater than 0.2 inches can only be produced by convective
clouds (Changnon 1977) and can cause significant damage to aircraft (Mahinfalah
and Skordahl 1998). Severe convective systems such as supercells have been well
documented as hail producers (Gallo et al. 2009, Bunkers et al. 2006). According to
Markowski and Richardson (2010), the lifecycle of hailstones within deep convective
clouds in the midlatitudes begins with the growth of hail stone embroys eventually
acquiring enough mass to begin falling, collecting supercooled cloud droplets, and
forming graupel particles with diameters of a few millimeters. As the growth of the
ice particle continues, the temperature of the hailstone surface may become greater
than 0 ◦C, allowing for supercooled droplets to flow across the hailstone filling in
the gaps instead of immediately freezing upon contact. The hailstone will continue to
grow through accretion if it is in a region of high supercooled water content, increasing
its fall speed.
The microphysics behind hail growth has been investigated thoroughly by nu-
merous researchers. According to Foote (1984), in order for hail to grow by accreting
supercooled water, the hailstone must remain in the mixed phase region, either by
updraft motions, or transportation from storm circulations. In addition, Heymsfield
and Musil (1982) concluded that the production of graupel that serve as hail embryos,
from rimming of aggregates of crystals.
Updraft intensity and area can be extremely important for the development
of hailstones (Markowski and Richardson 2010, Nelson 1983). The updraft must
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be vigorous enough to support a growing hailstone in the mixed phase region and
balance the terminal fall speed (Foote 1984). For example, an updraft with a vertical
velocity greater than 10.8 m s-1 should be strong enough to support and produce a
hailstone greater than 0.25 inches in diameter (AMS 2014). Once the updraft intensity
has exceeded 20 m s-1, hailstones greater than 0.875 inches in diameter are possible
(AMS 2014). The largest hailstones can form if hailstones embryos travel through
the center of the updraft at midlevels, high amounts of liquid water are present, and
temperatures are approximately in the -15 ◦C to -20 ◦C range (Conway and Zrnic
1993).
Hail in the tropics is very uncommon due to weak vertical velocities at low
levels, a lack of midlevel liquid water (Stith et al. 2004), and a large variability of
precipitation structure above the freezing level (Petersen and Rutledge 2001). Though
the formation of graupel is physically observed in deep tropical oceanic convection
(Stith et al. 2004), updraft speeds are not strong enough to support the formation of
hailstones. Of the tropical hailstorms that have been observed, most occurred over
land and may have been forced by orography (Frisby and Swamson 1967). Cecil and
Blankenship (2012) created a climatology of global severe hailstorms using Advanced
Microwave Scanning Radiometer for Earth Observing System (AMSR-E) that once
again demonstrates a lack of hailstorms over the tropical ocean with a majority in
continental locations (Fig. 4). Overall, hail is not of major concern in tropical
convection, especially for tropical oceanic convection.
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Scorer (1978) found that the process of thermally induced turbulence begins
with the formation of dry thermals within the surface boundary layer. These dry
thermals can be described as toroidal circulations with a narrow jet-like updraft in
the center and gentler sinking towards the sides. As these buoyant features rise and
expand, environmental air is entrained. If the thermal is able to pass through the
convective condensation level, a cumulus cloud will form. The cumulus cloud is a
visual guide to turbulent areas near the edge of the updraft. The continued growth
of the cumulus cloud leads to a cumulus congestus and eventually a cumulonimbus if
there is a large amount of static instability.
There are several forcing mechanisms that initiate gravity waves within con-
vection (Fovell et al. 1992). The mechanical oscillator effect described by Clark et
al. (1986) leads to the formation of gravity waves when updrafts and downdrafts
encroach the region where the atmosphere changes from unstable to stable, in turn
causing vertical displacements of the isentropes at the base of the stable layer and
exciting vertically propagating gravity waves. The wavelength (λ) of vertically oscil-
lating gravity waves can be mathematically expressed using
λ =
2piu¯
N
, (2.1)
where u¯ is the mean horizontal wind speed (m s-1), and N is the Brunt-Va¨isa¨la¨
frequency (s-1), mathematically represented by
N = (
g dθ
θ dz
)1/2, (2.2)
where g is the acceleration due to gravity (m s-2) and θ is potential temperature (K).
Furthermore, Clark et al. (1986) described the second mechanism responsible for
gravity wave formation as the obstacle effect or quasi-stationary forcing. In this case,
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gravity waves form when a pressure field produced by the upward (and downward)
convective region obstructs the environmental horizontal flow.
Another type of wave that can produce turbulence hazardous to aircraft are
shearing gravity waves, also referred to as shearing gravity waves (Sekioka 1970 and
Pantley 1989). KH waves are generated due to the inconsistencies of temperature and
velocity of an interface between two stable layers that becomes displaced vertically.
KH waves propagating on a stable interface are known to cause clear air turbulence
(CAT) in the upper troposphere and stratosphere (Reiter and Hayman 1962).
The presence of gravity waves does not necessarily indicate a region of tur-
bulence. In order to determine if a region is favorable for the breakdown of gravity
waves and therefore the production of turbulence, the gradient Richardson number
(Ri; Reiter and Lester 1968, Pantley 1989)
RI =
N2
(∂V
∂z
)2
(2.3)
can be calculated. Several past theoretical studies have concluded that a Ri number
of 0.25 or less is a good indicator of the breakdown of gravity waves, KH waves, and
CAT. From the mathematical formulation of Ri, it is clear to see that the vertical
shear of the environment is very important for turbulence production by both KH
and gravity waves. The Ri number is known to become very low (<0.25) in regions
where deep convection penetrates the tropopause and in convective outflow regions.
The breakdown of gravity waves in the environment is defined by Pantley
(1989) as a transition from a coherent wave motion to turbulence. Prior to breakdown,
as gravity waves vertically propagate and grow in a non-linear manner, regions of
strong overturning of isentropes surfaces are produced (Walterscheid and Schurbert
1990). The overturning of isentropes occurs when the amplitude of the wave grows
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large enough where the addition of the wave and the mean field of vertical temperature
gradient becomes superadiabatic (Walterscheid and Schurbert 1990). Furthermore,
Orlanski and Bryan (1969) found that the overturning of isentropes occurs in regions
of upward propagating gravity waves when
u′ + u¯ > c, (2.4)
where c is the horizontal phase speed of the wave, u′ is the wave horizontal velocity,
and u¯ is the mean field horizontal velocity. The horizontal phase speed of gravity
waves, cpx can be represented by
cpx =
±N√
k2 +m2
(2.5)
where k and m are the wave number in the x and z direction, respectfully (Lin
2007). This equation demonstrates that as propagating gravity waves enters a more
stable region the phase speed of these waves will increase. In summary, the breakdown
of convectively-generated gravity waves occurs as a result of steep, large amplitude
waves in the potential temperature field (absolutely unstable regions), leading to
turbulence production (Walterscheid and Schurbert 1990), as well as encountering a
location where RI <0.25 (Reiter and Lester 1968, Pantley 1989), and encountering
a critical level where the horizontal velocity of the wave becomes equal to the mean
flow velocity (Fritts and Geller 1976).
Convectively induced turbulence (CIT) can be divided into either in-cloud or
out-of-cloud based on the location of the turbulence (Lester 1994). Strong vertical
variations of velocities within the convective updraft cause in-cloud CIT. These re-
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gions are easily avoided by the detection of cloud boundaries both visually and with
radar (Kim and Chun 2012).
An in situ measurement used in aviation to determine the intensity of tur-
bulence is the eddy dissipation rate (Emanuel et al. 2013). Eddy dissipation rate
(EDR) is a universal measurement of the rate at which energy dissipates in the atmo-
sphere. The value of EDR is in units of turbulent kinetic energy (TKE). According to
Emanuel et al. (2013), there are three operational algorithms used to calculate EDR.
The first is an indirect method that uses the aircraft accelerometer, while the second
uses vertical wind data directly measured from the aircraft, and the third estimates
the longitudinal wind from the true airspeed. The following is a simplified example
of an algorithm used to calculate EDR in flight using the aircraft accelerometer.
ε2/3 =
σ2z¨
I
, (2.6)
where σz is the variance of the vertical acceleration spectrum, and is the inte-
gral of the aircraft response bandpass filtered function H (Cornman et al. 2004). A
response bandpass filter is used to remove aircraft maneuver-induced accelerations.
Eddy dissipation rates in thunderstorms can also be estimated using ground-based
Doppler radar (Meischner et al. 2001), although this method has serious limitations
such as poor resolution at large distances (Williams 2004).
Turbulence associated with midlatitude convection occurs in several regions
immediately surrounding the storm (Fig. 5), including updrafts, directly above de-
veloping updrafts, downdrafts, and mammatus and anvil cloud features (Lane et al.
2012, Lilly 1986, USAF 1982). In addition, severe midlatitude turbulence can be
encountered as far as 100 km or more from active convection (Lane et al. 2012).
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lence. According to Ahmad and Proctor (2011), the RMS of the normal load acceler-
ation is easy to calculate, airplane centric, quantifies accelerations felt by passengers,
and is easily communicated by aircraft operators. Moderate turbulence corresponds
to numerical values of 0.1 g <σ∆n ≤ 0.2 g and severe turbulence is numerically rep-
resented by σ∆n > 0.3 g. During this study significant turbulence was measured
within rising cumulus plumes and precipitation shafts. All significant (moderate or
severe) turbulence encounters occurred during the periods of along-track shear in
the vertical wind. Furthermore, all severe encounters occurred at the interface of the
updraft/downdraft couplet located on the downwind side of the convective plume. Fi-
nally, test flights showed that large pockets of turbulence can be observed in regions
where radar reflectivities are lower than 28 dBZ.
A three year climatology of turbulence in the continental United States created
by Wolff and Sharman (2008) indicated that 39% of turbulence encounters occurred
above convective clouds, 53% of which were moderate or greater intensity. In addition,
9% of encounters occurred in convective cloud, 80% of which were moderate or greater
(Wolff and Sharman 2008). A second climatology created for clear sky turbulence
showed that turbulence encounters occurred 44% of the time, 48% of which had
moderate or greater intensity (Wolff and Sharman 2008). An important finding from
this study was that as cloud height increases to approximately 9-12 km, moderate
or greater turbulence intensity encounters increase to 85% of encounters (Wolff and
Sharman 2008).
Alexander and Holton (1997) stated that the morphology and generation of
convectively induced gravity waves in equatorial regions is still unclear. Even now,
almost 20 years later, it is clear that there is still much to learn. Additionally, tropical
turbulence observations are very limited and most conclusions have been drawn from
model simulations. However, in situ observations of turbulence were obtained in 1953-
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1954. 378 cloud penetrations were completed using aircraft in the Caribbean and the
most turbulent area was found to increase as the cloud aged and was focused on the
downshear side of the cloud (Ackerman 1958).
Lane et al. (2001), using a three-dimensional, nonhydrostatic, and anelastic
model developed by Clark (1977), simulated deep convection in the tropics. Lane et al.
(2001) concluded that convectively-generated gravity waves develop in both the tro-
posphere and stratosphere when convective updrafts rapidly decelerate. Furthermore,
convectively induced gravity waves have the largest amplitude when convection deep-
ens and reaches the upper troposphere. In addition, Lane et al. (2001) and Alexander
and Holton (1997) state that tropical squall lines are strong gravity wave radiators.
Interestingly, in the study by Lane et al. (2001), the obstacle effect was found not
to be the mechanism that generated the gravity waves and, therefore, shear was not
important for the generation of gravity waves in simulated tropical convection.
Overshooting cloud tops can also be indicators of possible strong turbulence
in both the tropics and midlatitudes. Romps and Kuang (2009) found that clouds
in the tropics often overshoot into and beyond the tropopause. Zipser (2003) found
that this can only happen if the updraft above 500 mb is reinvigorated by freezing
of condensates and air parcels rise along an ice adiabat. However, from a seven year
climatology of tropical cloud fraction conducted by Hong et al. (2008), less than
0.6% of tropical clouds over the ocean and less than 0.8% over tropical land have
convective overshooting. Lastly, Lane et al. (2012) found that turbulence associated
with tropical cyclones is located in the cloud bands that extend outward.
2.3 Convection and Aviation
According to the U.S. Department of Transportation Federal Aviation Admin-
istration Advisory Circular from 2013, all thunderstorms have potential conditions
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that are hazardous to aviation. These hazards include tornadoes, turbulence, ic-
ing, hail, low ceiling and visibility, altimeter effects due to rapid pressure changes,
lightning, and engine water ingestion. As the focus of this study is hazards within
high-altitude flights above tropical convection and not takeoff or landing procedures,
only turbulence discussed further.
Turbulence, in particular, is the number one cause of injuries to flight crew
and passengers (Mecikalski et al. 2007). Turbulence is dangerous to aircraft because
additional stresses are placed on the aircraft while pilots attempt to hold a constant
altitude (DOT-FAA 2013). Kaplan et al. (1999) found that 82% of reported turbu-
lence incidents between 1990 and 1996 occurred near or within convective activity.
Pantley (1989) summarized five main types of CIT hazardous to aviation: 1) updrafts
and downdrafts within and near deep cumulus convection, 2) rapidly growing thun-
derstorms, 3) Kelvin-Helmholtz instability induced by outflows near the tropopause,
4) turbulent vortices that are formed due to breaking of convectively initiated waves
above and downwind of thunderstorms, and 5) turbulent wakes caused by barrier type
effects around and within the lee of thunderstorms.
With so many potential hazards associated with convection, there are sev-
eral aviation avoidance policies in place to limit the number of convection related
accidents (U.S. DOT-FAA 2013). The first is that pilots should avoid any severe
thunderstorm (i.e., thunderstorm with an intense radar echo) by at least 20 miles.
Next, pilots should circumnavigate an entire area if the respective region has six-
tenths thunderstorm coverage. Furthermore, the use of extreme caution when flying
near any thunderstorm with echo tops greater than 35,000 feet is advised. Finally,
pilots should also avoid flying beneath the anvil region and through thunderstorms
even if the path through to the other side is visible. It is important to note that
prior to 2013, thunderstorms identified as severe required a vertical clearance of 1,000
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ft for every 10 kt wind speed at cloud top (FAA 2012, Table 2). NASA also has
a rendition of the thunderstorm avoidance policies for their research Global Hawk
(Cecil et al. 2014). The first is that thunderstorms must be laterally avoided by at
least 25 nautical miles when flying at or below 50,000 ft. The second is that aircraft
must have a 5,000 ft vertical separation between any significant convective cloud top.
Furthermore, if any cloud top height is greater than 50,000 ft the aircraft must have
a lateral 25 nautical mile clearance. Next, if cloud tops are below 50,000 ft a 10,000
ft vertical separation is necessary from any region reporting lightning. The final two
policies are that no flight should be conducted in a region where icing conditions and
moderate or severe turbulence is forecasted or reported.
Table 2: Federal Aviation Administration vertical clearance recommendations prior
to 2012.
Wind Speed Vertical Clearance
kts km kft
100 3.05 10
90 2.74 9
80 2.44 8
70 2.13 7
60 1.83 6
50 1.52 5
40 1.22 4
30 0.92 3
20 0.61 2
10 0.31 1
The FAA categorizes turbulence into four verbal descriptors (see Table 3) that
are easy to communicate between pilots and traffic control, and corresponds to in-situ
numerical eddy dissipation rates ε (m2 s-3) and vertical acceleration (m s-2) (Pololivich
et al. 2011, Lane et al. 2012, Bowles and Buck 2009, FAA 2015). Light turbulence is
described by the FAA as turbulence that momentarily causes slight, erratic changes
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in altitude and or pitch, roll, and yaw, and passengers may feel a slight strain against
their seat belts. Moderate turbulence is described as being similar to Light turbulence
but with a greater intensity. During Moderate turbulence, changes in altitude and
attitude occur but the aircraft remains in positive control at all times, and variations
in indicated airspeed are experienced. Furthermore, passengers feel a definite strain
against their seat belts and walking around the cabin is difficult. Turbulence that
causes large, abrupt changes in altitude, attitude (orientation of the aircraft to Earths
horizon), and indicated airspeed is described as Severe. In addition, the aircraft may
be temporally out of control. Severe turbulence also causes passengers to be violently
forced against their seats. Lastly, Extreme turbulence is described as a situation
when the aircraft is violently tossed about, is practically impossible to control, and
can suffer structural damage. This magnitude of turbulence is described as truly
frightening for those aboard.
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Table 3: Turbulence level descriptions, aircraft vertical acceleration σ∆n magnitude
g (m s-2), and the cube root of eddy dissipation rates ε1/3 (m2/3 s-1) that would
induce such responses in B737 and B757 at cruising altitude (Politovich 2011 Table
1, Aeronautical Information Manual Chapter Chapter 7-1-23, Lane et al. 2012 Table
1, Bowles and Buck 2009).
Turbulence Aircraft Reaction RMS of
Aircraft
Vertical
Accel-
eration
σ∆n
Aircraft
Vertical
Accel-
eration
Magnitude
(g)
ε1/3
m s-2 m s-2 m2/3
s-1
Light Turbulence that momentar-
ily causes slight, erratic
changes in altitude and/or
attitude (pitch, roll, and
yaw).
0.1 g 0.2-0.5 0.1-
0.3
Moderate Turbulence that is similar
to Light turbulence but of
greater intensity. Changes
in altitude and/or attitude
occur but the aircraft re-
mains in positive control at
all times. It usually causes
variation in indicated speed.
0.1 g <σ∆n
≤ 0.2 g
0.5-1.0 0.3-
0.5
Severe Turbulence that causes
large, abrupt changes in
altitude and/or attitude.
It usually causes large
variations in indicated
airspeed. Aircraft may be
momentarily out of control.
0.3 g <σ∆n
≤ 0.6 g
1.0-2.0 0.5-
0.7
Extreme Turbulence in which the
aircraft is violently tossed
about and is practically im-
possible to control. It may
cause structural damage.
0.6 <σ∆n >2.0 >0.7
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Several studies of aviation accidents involving thunderstorms and turbulence
have been conducted. A case study performed by Fovell et al. (2007) considered
convectively-induced clear air turbulence experienced by two commercial 757 flights
over Northwest Indiana, on 5 August 2005. According to satellite imagery, both
aircraft were at least 20 km away from any large convective cloud and flying at ap-
proximately 37 kft and 39 kft when severe turbulence was encountered. Weather
Research and Forecasting model (WRF) simulations showed that the forcing mech-
anism responsible for the turbulence was rapid growth of strong convection along a
synoptic-scale cold front. In addition, the convection altered its environment farther
than the distance of a detectable anvil, causing a decrease in stability and an in-
crease in shear. This lowered the Richardson number, thereby bringing it closer to
the critical value for turbulence generation.
Kim and Chun (2012) thoroughly examined a severe turbulence encounters by
a commercial aircraft flying from Jeju, South Korea, to Osaka, Japan on 2 Septem-
ber, 2007 using the Advanced Research WRF (ARW-WRF). The aircraft was flying
above an area of above an area of dissipating convection near 33.68 ◦N, 131.26 ◦E.
Shortly after reaching the cruising altitude of 10.7 km, the aircraft experienced two
strong changes in vertical acceleration, corresponding to strong peaks in wind speed
and direction. These events are considered to be of extreme and moderate-severe
turbulence intensities and caused 6 injuries. The pilots reported that there was no
visual warning of deep convection or well defined echoes on the aircraft radar at the
time of the turbulence encounters. Kim and Chun (2012) found that three hours
prior to the encounter, there was deep convection ahead of a cold front southwest of
the encounter location. As the dominant southwest wind advected the convection to
the encounter location, the turbulence generated along the convective cloud bound-
ary was also advected, even as the convection began to dissipate. At the same time,
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vertically propagating convective gravity waves were breaking as they reached their
critical level. WRF simulations showed that out-of-cloud CIT was located 2 km above
the dissipating convection. This study illustrated that dissipating convection also has
the potential for significant turbulence encounters.
A third example occurred in 1983 on 12 October (Pantley 1989). At 0418
GMT, an American Airlines DC-10 was flying at 11.3 km southwest of Bermuda (27
◦N, 68.65 ◦W) when it experienced a vertical acceleration of -1.58 g from normal
gravity. Pilots reported that the plane was located within the top of a growing
cumulonimbus cloud, though onboard radar detected no precipitation. 12 passengers
were injured as a result of this encounter. Convective activity along the flight path
was visible on satellite imagery and ship reports confirmed cumulonimbus clouds in
the area (Pantley 1989). After analysis of meteorological and aircraft records, Pantley
(1989) suggested that the aircraft was in a generally stable environment when it flew
through a gravity wave approximately 10 km in length and experienced Moderate
turbulence in the updraft region. Following this, the aircraft entered the convective
cloud, which extended past the flight level and severe turbulence was encountered.
As the aircraft exited the cloud, Light turbulence was experienced due to shorter-
wavelength-gravity waves. Pantley (1989) also suggests that the aircraft may have
passed through a thunderstorm anvil region.
2.4 WRF Simulations of Tropical Convection and Turbulence
2.4.1 Convection
Model simulations of convection in tropical regions are becoming more fre-
quent as the understanding of tropical dynamics improves. Many of these modeling
studies involve the simulation of tropical cyclones in the Pacific and Indian oceans
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(Pattanayak et al. 2008, Osuri et al. 2010, Raju et al. 2011, and Potty et al. 2012).
Though the goal of this study is not to simulate tropical cyclones, it is important to
compare the setup of WRF used in other tropical simulation studies to gain a sense
of which parameterizations are appropriate for tropical convection simulations (see
Table 4). A majority of these studies favored using the Kain-Fritsch cumulus scheme,
which is a mass flux parameterization that uses the Lagrangian parcel method to
determine if any instability does exist or will exist to promote cloud growth, and
what the convective properties of the clouds will be (Kain 2004). Futhermore, the
Kain-Fritsch scheme is divided into three parts: the trigger function, the mass flux
formulation and the closure function. Results from various tropical cyclone simulation
studies have shown that using the Kain-Fritsch scheme produced better cyclone track
forecasts (Osuri et al. 2010, and Raju et al. 2011). When Kain-Fritsch is paired with
the Yonsei University planetary boundary layer scheme (PBL YSU), WRF accurately
simulates the thermodynamical and dynamical properties of a cyclone (Raju et al.
2011).
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m at z = 13 km to 500 km at the model top. This study used a sponge layer
with Rayleigh damping in all of the domains highest 5 km and five relaxation grid
points for the lateral boundaries. Furthermore, two-way nesting was implemented
for specific time intervals. Physical parameterizations implemented in this study
included the WRF single-moment 6 class (WSM6) microphysics scheme, the Kain-
Fritsch convective parameterization, the Mellor–Yamada–Janjic´ (MYJ) PBL scheme,
and the Rapid Radiative Transfer Model radiation model (RRTM) longwave radiation
scheme. Some differences were noted between the simulations and observational data
included sea level pressure differences in the western section of the 30 km domain
and a typhoon of weaker intensity in the simulation than observations, which was
most likely due to the absence of the cyclone during model initialization. In addition,
simulated soundings had four discrepancies when compared to the observed soundings.
First, the dewpoint temperature was not accurately simulated. Secondly, the lifting
condensation level (LCL) was lower than the observed LCL, which could be due to the
inaccurate moisture profile. Due to the inaccurate moisture profile and lower LCL,
CAPE was greater than the observed CAPE. Finally, the simulated wind speed was
slower than the observed. Most importantly, Kim and Chun (2012) determined that
the simulations of deep convection agreed well with the observed timing, location,
and structure of convection. To conclude, Kim and Chun (2012) stated that by
changing the PBL scheme to the Yonsei University (YSU) scheme, turbulence near the
dissipating convection was more widespread and CAPE values were greater than both
the previous simulation and observations, but further sensitivity tests to investigate
additional factors were not performed.
Triar and Sharman (2009) investigated how far convectively induced turbulence
can propagate from MCSs in the Great Plains using WRF version 2.2. A single-
subcontinental domain was used with 600 x 500 horizontal grid points, and a 3 km
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grid spacing. The vertical grid in this study had 64 levels and the model top was near
31 km. The vertical spacing was between 60-170 m in the lowest 1 km, approximately
400 m between 1-15 km, and approximately 500-1500 m from 15 km to the model
top. The reflection of vertically propagating waves off the rigid upper boundary was
lessened by the use of diffusive damping. The Thompson microphysical scheme was
implemented in this study. According to Triar and Sharman (2009), the resolution of
this study was too coarse to simulate turbulence and the mechanisms of the turbulence
production could not be resolved due to limited observations. Nevertheless, they were
able to suggest that strong vertical shear in the upper level outflow of an MCS can
favor turbulence over a large region far from the source due to Kelvin-Helmholtz
instabilities.
Tropical modeling studies of turbulence induced by convection using WRF
have mostly been limited to tropical cyclones, strong MCSs, and aviation encounters
with turbulence. Large eddy simulations of severe convectively-induced turbulence
experienced by commercial flights in tropical regions were conducted by NASA Lan-
gley using the Terminal Area Simulation System (Ahmad and Proctor 2011). The
Terminal Area Simulation System (TASS) used environmental conditions obtained
from WRF to initialize the model. One example TASS-WRF simulation was for 3
August, 2009. On this day, Continental Airlines Flight 128 (Boeing 767) encountered
turbulence north of Bavaro, Dominican Republic, while flying at an altitude of 11.0
km over isolated cumulus congestus and cumulonimbus. This simulation had two
high resolution nests, with a mesh resolution of 7.38 km in the innermost domain
(Ahmad and Proctor 2011). This simulation showed that light to moderate turbu-
lence occurred in the top of the storm even though radar reflectivity values were low,
agreeing with a previous study performed by Hamilton and Proctor (2002).
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CHAPTER 3
DATA AND METHODOLOGY
3.1 Data
In this study a classification of tropical storm types for 2005, 2010, and 2011
is created using Level-III NEXRAD radar short range data products collected at the
Andersen Air Force Base in Guam (PGUA), and NASA Tropical Rainfall Measuring
Mission (TRMM) products. The years were chosen by examining the annual average
rainfall rate around Guam for a 14 year period using the TRMM satellite product
3B43. 3B43 provides monthly rainfall rate estimates gridded over 0.25 ◦latitude x
0.25 ◦longitude (GES DISC, 2014). This evaluation showed that the annual average
precipitation rate between 1998 and 2011 is 0.23 mm hr-1 (Fig. 6). The years 2005,
2010, 2011 were selected for further analysis because they represent a year with av-
erage rain rate, below average rain rate, and above average rain rate, respectively.
The classification of storm types is completed for two domains (Fig. 7). The first
domain is a circular area centered around 13.449 ◦N, 144.815 ◦S and represents the
area covered by the PGUA radar, hereafter the small radar domain. The radius of
the small radar domain is 230 km and has a total area of approximately 1.6 x 105
km2. Both a ground-based and a satellite-based classifications are performed for this
domain. The second larger domain is a rectangular area that covers 6-21 ◦N, 134-150
◦E, hereafter the large domain. The total area of the large domain is approximately
2.9 x 106 km2. Only a satellite-based classification is performed for this domain due
to a lack of ground-based radar coverage.
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Level-III radar data are processed analysis products that originated from Level-
II radar base reflectivity, mean radial velocity, and spectrum width data (NCDC
2014). Level-III data products are used in this study because Level-II data from the
Andersen Air Force Base radar are unavailable for the study years (Fig. 8). The
products used in this study are base reflectivity and echo tops. Base reflectivity
(N0R) provides reflectivity data with 5 dBZ increments at an elevation scan angle of
0.5◦ grid spacing of 1.0 km x 1.0 km, and range of approximately 230 km (Hamer
2009). An example of base reflectivity data file is provided in Fig. 9. The average
heights of the radar beam at varying distances from the radar site are provided in
Table 5. The echo top product (NET) provides the height of storm tops in thousands
of feet in 5,000 feet increments, has a grid spacing of 4 km x 4 km, and a range of
approximately 230 km (Hamer 2009). An example of an echo top data file is provided
in Fig. 10. Each of these products is originally in NIDS (NEXRAD Information
Dissemination Service) radial format and needs to be converted to gridded NetCDF
(Network Common Data Form). This is accomplished using NOAAs Weather and
Climate Toolkit which allows users to specify the export format and grid size. Using
this toolkit, both N0R and NET are converted to NetCDF with a horizontal spacing
of 1.266 km in 10 minute increments with the intention of capturing the majority of
storm lifecycles and slightly decreasing the total number of observations. The number
of PGUA radar observations in the small radar domain used in this study from 2005
is 30035, 28611 from 2010, and 30423 from 2011 (Table 6).
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Figure 10: Level-III short range (i.e. 230 km radius) echo tops from Guam. Image
created using the NOAA Weather and Climate Toolkit.
Table 5: Summary of PGUA radar beam (0.5◦) average height and width at varying
distances from the radar.
Distance from Radar (km) Beam Height (km) Beam Width (km)
25 0.26 0.41
50 0.59 0.81
75 1.02 1.22
100 1.50 1.6
125 2.17 2.03
150 2.77 2.44
175 3.51 2.84
200 4.31 3.23
225 5.21 3.65
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Table 6: Number of Observations for the small radar and large satellite domain.
Product Domain 2005 2010 2011
PGUA Radar Small Radar 30035 28611 30423
TRMM
Radar
Small Radar 347 349 346
Large 1268 1289 1300
Storm classifications for the same study years are completed using radar prod-
ucts from TRMM product level 2A precipitation radar rainfall rate and profile (2A25)
data and rainfall characteristics (2A23) data for the two domain regions. Product
2A25 provides an estimate of the vertical profile of rainfall rate for each radar beam,
while product 2A23 provides a Rain/no-Rain flag, a bright band indicator, storm top
heights, and rain type classes. Near surface reflectivity (dBZ) from 2A25 and storm
top height in meters from 2A23 are analyzed in this study (Figs. 11 and 12). Both
2A23 and 2A25 have a swath width of 247 km, horizontal spacing of approximately
4.0 km at nadir, and are available in the small radar domain once a day and ap-
proximately five times a day in the large domain (TRMM Precipitation Radar Team,
2011). Products 2A25 and 2A23 are originally in HDF-4 (Hierarchical Data Format)
format and are converted to NetCDF using NCL (NCAR Command Language). Be-
cause TRMM is an equatorial orbiting satellite, an additional step must be taken to
identify scans that are present in the radar domain and the large domain. By setting
latitude and longitude boundaries representative of the edges of domains, scans that
are in these domains are linearly interpolated to a 1.266 km x 1.266 km grid for the
small radar domain and a 4 km x 4 km grid for the large domain. In this study, a total
of 347 swaths passed through the small radar domain in 2005, 349 swaths in 2010,
and 346 swaths in 2011. Furthermore, 1268 swaths passed through the large domain
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Table 7: Summary of data grid spacing.
Domain Data Type Original Grid Spacing (km) Interpolated Grid Spacing(km)
Small
Radar
PGUA N0R 1.266 N/A
PGUA NET 4.00 1.266
Small Radar TRMM 2A25 NS ˜4.00 1.266
Small Radar TRMM 2A23 ST ˜4.00 1.266
Large TRMM 2A23 NS ˜4.00 4.00
Large TRMM 2A23 ST ˜4.00 4.00
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3.2 Identification of Objects Using Method for Object-Based Diagnostic
Evaluation
To complete the storm classification, regions of interest (objects) need to be
identified in the reflectivity data from the ground and satellite radars. To accomplish
the object identification, reflectivity NetCDF data files are converted into a gridded
format that is in the Method for Object-Based Diagnostic Evaluation (MODE; e.g.
Developmental Testbed Center 2013) software by linearly interpolating to the model
resolution. Using MODE, reflectivity data are resolved into objects by convolution
thresholding. The thresholds that were altered in the configuration file of MODE
are the raw threshold, convolution radius and the convolution threshold. The raw
threshold is used to threshold the raw observation field, in this case reflectivity. The
convolution radius is defined as the radius of the circular convolution applied to
smooth the raw fieldsin this case the reflectivity data. The convolution threshold is
defined as the threshold value that is applied to the convolved field in order to define
objects. Table 8 displays the MODE thresholds used for both the ground-based and
satellite-based classifications. Several properties about each individual object are
calculated and documented. These properties include total area, length, width, axis
angle, central location, and original reflectivity values. Fig. 13 shows an example
of MODE output for TRMM data for two sequential swaths from 16 August 2005
within the large domain. For the first swath at 10 UTC, 15 objects were identified
by MODE and eight were evaluated at 17 UTC.
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Table 8: Method for Object-Based Diagnostic Evaluation Configuration file.
MODE Configuration
Threshold Length (km)
Convolution Radius 6.33
Convolution Threshold 5.06
Raw Threshold ≥ 6.33
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3.3 Storm Type Classification
After objects are created using MODE, each grid square within each object is
classified into either convective or stratiform by setting reflectivity thresholds similar
to the Steiner Method. Any point that exceeds 40 dBZ is considered convective and
any point that is less than 40 dBZ is considered stratiform (Steiner et al. 1995). In
addition, echo top heights are also used as a threshold to further classify convective
regions. An echo top is defined in this study as the highest height of 18 dBZ within a
storm. Five height thresholds were chosen based on height thresholds used in previous
studies of convection in sub-tropical and tropical regions using various remote sensing
instruments (Table 9). Liu et al. (2007) defined intense convection as any storm
that has an echo top height between 10 and 14 km as indicated from TRMM data.
Furthermore, deep convection was defined by Stephans and Wood (2007) as any
storm with an echo top heights greater than 5 km and shallow convection as any
storm with echo top heights less than 5 km. Lastly, Masunagai et al. (2005) defined
deep convection as any storm with echo top heights greater than 6 km. Therefore,
in this study a storm is considered Low if the echo top height is less than 6 km; a
storm is considered Middle if the echo top height is between 6 and 10 km; and a
storm is considered Upper if the echo top height is between 10 and 14 km. A storm is
considered TTL (tropical tropopause layer) if the echo top height is between 14 and
18 km, which coincides with the height of the TTL in the tropics. Lastly, a storm is
considered Stratosphere if the echo top height is greater or equal to 18 km, which is
representative of typical lower stratosphere boundary layer height in the tropics. A
summary of echo top height thresholds is provided in Table 10. Finally, object length
is also used to classify storms, such that any object with a length greater or equal to
100 km is classified as an MCS or tropical cyclone. Because this classification is being
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Table 10: Storm height thresholds in km and kft used in this study. TTL represents
the tropical tropopause layer.
Storm Height Class Height
km kft
Low <6 <20
Middle 6 ≤ x <10 20 ≤ x <33
Upper 10 ≤ x <14 33 ≤ x <46
TTL 14 ≤ x <18 46 ≤ x <59
Stratosphere x ≥ 18 x ≥ 59
In summary, objects are either classified as shallow stratiform regions, Isolated,
MCSs, or tropical cyclones. Subsets of these four storm types are also classified based
on echo top heights. Shallow stratiform regions are classified if an object has no
convective area and has echo top height less than 6 km. Objects are classified as
Isolated Low when a convective area is present and echo top heights are less than
6 km, representing isolated shallow convection. Objects are classified as Isolated
Middle when a convective area is present and echo top heights are greater or equal
to 6 km but less than 10 km. When a convective region is present and echo top
heights are greater or equal to 10 km but less than 14 km, an object is classified
as Isolated Upper. Objects are classified as Isolated TTL when a convective region
is present and echo top heights are greater or equal to 14 km but less than 18 km.
Finally, objects are classified as Isolated Stratosphere when a convective region is
present and echo top heights are greater than 18 km. Storms classified as Isolated
with echo top heights greater than 6 km represent isolated deep storms. The same
convective area and echo top height thresholds are implemented for the classification
of MCSs, with the addition of the 100 km object length criteria. A summary of the
thresholds used to determine storm types and the subtypes of storms is provided in
Table 11. An example classification is demonstrated for 16 August 2005 (Fig. 13).
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deduce which storm type occupies more than 12.5% of the domain most frequently
and how often the total area of all convection occupies more than 60% of the domain.
For instance, using the classification of two TRMM swaths on 16 August 2005, only
the area of MCS TTL covered more than 12.5% of the domain and this only happened
50% of the time. Because TRMM swaths only cover portions of the entire domains,
the percentage of area covered by each storm type is determined relative to the
area of the swath. A threshold of 12.5% of total area covered is used to distinguish
between clear skies to greater than few clouds in the sky. A threshold of 60% is used
because the Federal Aviation Administration does not allow flights into regions where
thunderstorm coverage is greater than six-tenths. The purpose of these calculations is
to determine which storm type is most frequent and potentially hazardous to aviation.
In addition, such quantification is necessary to determine if analyses using ground-
based radar data and satellite-based radar data produce statistically similar results.
To determine if the results of the climatologies are statistically significant, two tailed
proportions tests with 95% confidence are used.
3.4 Model Configuration and Setup
The Advanced Research WRF (ARW) model version 3.5 with two-way nested
domains is used to simulate storms that occurred near Guam (Fig. 14) on 5-6 August
5, 2005. Convection was actively present in the small PGUA radar domain during
this time period, and echo top heights were generally between 6-10 km, although
echo tops near 14 km were present towards the beginning of the time period. A
discussion of how the case study period was selected is presented in Chapter 5. The
outermost domain encompassed 2.30-27.71 ◦N, 130.17-173.15 ◦E and has a horizontal
grid spacing of 15 km; the middle domain covered 7.49-20.73 ◦N, 136.71-160.12 ◦E
with a horizontal grid spacing of 5 km; and the innermost domain is centered about
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the PGUA radar site, and covered 10.02-17.94 ◦N to 139.99-149.96 ◦E, with a hori-
zontal grid spacing of 1.66 km. The area of the inner domain is approximately 5.8
x 105 km2. The model top is set to 10 hPa (approximately 30 km) and a damping
layer 5000 m deep is used at the model top. Multiple simulations are conducted with
changes in vertical resolution and microphysics for various run times. Simulations are
initialized at 00 UTC with ERA-Interim (ECMWF Reanalysis) global atmospheric
reanalysis data which has 60 pressure levels and 80 km spatial resolution (Berrisford
et al. 2011), and provided boundary conditions for the parent domain. Because there
have been a limited number of tropical studies involving WRF simulations thus far,
this is important to determine the model configuration that most accurately simu-
lates tropical storms. Simulated reflectivity at 1 km altitude and echo top heights are
used to determine if simulated storm morphology and areal coverage is similar to the
radar observations from the same period. The results of these sensitivity tests are dis-
cussed below. Once the most accurate configuration and parameters were identified,
a 48 hour simulation is performed, followed by the estimation of turbulence. 3.4.2.
Model Sensitivity Analysis Sensitivity tests are performed to assess the accuracy of
simulated convective storm morphology and areal coverage of convection, which are
evaluated using radar observations. Model parameters that were altered in the sim-
ulations include vertical grid spacing and the microphysics scheme, which influence
how convection is resolved, as well as the strength and duration. Furthermore, the
same cumulus, planetary boundary layer (PBL), shortwave and longwave radiation,
surface layer, and land surface parameterizations are used in each simulation. More
specifically, the Kain-Fritsch scheme is used for the cumulus parameterization in do-
mains 1 and 2, and the Yonsei University scheme is used for planetary boundary
layer (PBL) physics. The Rapid Radiation Transfer Model (RRTM) scheme is used
for longwave radiation parameterization and the Dudhia scheme is used for shortwave
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land surface parameterizations are used in each simulation. More specifically, the
Kain-Fritsch scheme is used for the cumulus parameterization in domains 1 and 2,
and the Yonsei University scheme is used for planetary boundary layer (PBL) physics.
The Rapid Radiation Transfer Model (RRTM) scheme is used for longwave radiation
parameterization and the Dudhia scheme is used for shortwave radiation parame-
terization. The surface layer is parameterized using the Mesoscale Model version 5
(MM5) similarity scheme, and the Noah Land Surface Model is used to parameterize
the land surface. A summary of the specific parameterizations used in each simulation
is provided in Table 12.
3.5.1 Simulation 1
Simulation 1 is run for a 24 hour period beginning at 00 UTC on 5 August 2005
and uses the suite of parameters previously discussed with the addition of WRF-Single
Moment 6-Class (WSM6) for the microphysics scheme. Furthermore, this simulation
utilizes 55 vertical levels. Simulation 1 produces an abundance of convective features
that begin to propagate through the domain near the fifth hour of simulation time
(Fig. 15). These features are evenly spaced and equal in size indicating that they
are numerical noise. By the eleventh hour of the simulation small convective features
are present in the majority of the domain and are representative of true convection.
However at the same time larger storms near the southern boundary begin to form
and strengthen with little propagation, which may indicate possible boundary issues.
Small cellular storms continue to be present in the domain for the remainder of the
simulation, with the addition of larger cells in a linear orientation east of Guam after
the twentieth simulation hour that continue to propagate westward. This simulation
indicates that a spin up time greater than 6 hours is needed. In addition, echo top
heights are similar to those observed using radar during this time, with a few storms
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Table 12: Model setup.
Simulation Duration(hours) Parameterizations Number of Vertical Levels
Microphysics Cumulus LW Radiation SW Radiation Surface Layer Land Surface Planetary Boundary Layer
1 24 WSM-6 Kain-Fritsch RRTM Dudhia MM5 Similarity Noah Land Surface Model YSU 55
2 12 WSM-6 Kain-Fritsch RRTM Dudhia MM5 Similarity Noah Land Surface Model YSU 75
3 6 WDM-6 Kain-Fritsch RRTM Dudhia MM5 Similarity Noah Land Surface Model YSU 100
4 12 WDM-6 Kain-Fritsch RRTM Dudhia MM5 Similarity Noah Land Surface Model YSU 75
5 24 WDM-6 Kain-Fritsch RRTM Dudhia MM5 Similarity Noah Land Surface Model YSU 75
6 48 WDM-6 Kain-Fritsch RRTM Dudhia MM5 Similarity Noah Land Surface Model YSU 75
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where VSH is vertical wind shear, DEF is deformation, and CVG is convergence, as
defined in equations
V SH =
(∆u2 +∆v2)
1/2
∆z
, (3.3)
where u and v are the horizontal wind components and ∆z is the thickness between
pressure levels,
DEF = (DST 2 + DSH2)1/2, (3.4)
DST =
∂u
∂x
− ∂v
∂y
, (3.5)
DSH =
∂v
∂x
+
∂u
∂y
, (3.6)
and
CV G = −(∂u
∂x
+
∂v
∂y
). (3.7)
TI2 is used by the Air Force Weather Agency (AFWA) turbulence diagnostics
and other aviation applications (Creighton et al. 2014; Aviation Weather Center
2015; Ellrod and Knapp 1992) and was calculated in this study. TI2 was chosen
over TI1 because it is an output for both the Air Forces version of WRF and the
Aviation Weather Center, and furthermore is a product available to all pilots. A
threshold value representative of light-moderate turbulence is 4 x10-7 s-2, while 8
x10-7 s-2 represents moderate turbulence, and 12 x10-7 s-2 corresponds to moderate-
severe turbulence (Ellrod and Knapp 1992; Creighton et al. 2014; Aviation Weather
Center 2015). In this study, TI2 was calculated to determine the strength and extent
of turbulence at various heights around simulated storms.
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CHAPTER 4
RESULTS AND DISCUSSION: WESTERN TROPICAL PACIFIC
OBSERVED STORM CLIMATOLOGY
4.1 Sensitivity of the Ground-based Radar Storm Climatology Using
Three Different Methods
The number of observations for the ground-based radar classification for the
years 2005, 2010, and 2011 are shown in Table 6. Three separate ground-based radar
classifications were created using two different domain sizes and by either flagging
or not flagging storms on the edge of the domain. As previously stated in Section
3.3, four types were classified: shallow stratiform, isolated convection (shallow and
deep), MCS, and tropical cyclones. However, shallow stratiform does not significantly
impact high altitude turbulence, so shallow stratiform statistics will not be presented.
In addition, during the study years chosen, tropical cyclones never progressed into
the radar domain (National Climatic Data Center Storms Event Data Base 2014),
and therefore will not be classified or discussed.
In order to determine the most appropriate method of classifying storm types
using only base radar reflectivity and echo top height data, three sensitivity tests
were performed for 2005. The first classification of storms excluded storms on the
edge of the small radar domain because storm properties past the radar domain
are unknown. This method will hereafter be referred to as Method 1. The second
classification method was also performed in the small radar domain, but storms on
the edge of the domain were included. This method will hereafter be referred to
as Method 2. The third method classified all storms within 115 km of the radar
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site, hereafter referred to as Method 3. More specifically, Method 3 does include
those storms on the edge of the domain in the classification because of the restricted
domain area. Furthermore, 115 km was chosen as the radius of the domain because
it is half the radius utilized in Methods 1 and 2. The purpose of the Method 3
classification was to determine if the height of base reflectivity data causes any biases
in the classification. To remind the reader, the depths of storms are listed in Table
10. In the first analysis the percentage of time isolated storms and MCSs are present
in the radar domain is considered. The percentage of time storms are in the domain
is important for aviation operations because flight plans and times can be adjusted
based on predominant storm types. Afterward, the percentage of time that the area
of convection covers more than 12.5% and 60% of the domain is examined. These
percentages are important for aviation operations because lateral clearance between
storms is required in the Federal Aviation Administration (FAA) avoidance policies
and aviation operations are not allowed in regions where more than six-tenths of area
is convective. Furthermore, the percentage of time that the total area of convection
types (CT), such as isolated and MCSs with Low echo top heights, is more than
12.5% of the domain area will be identified as PCT >12.5. The percentage of time that
the area of isolated convection and MCSs exceed 12.5% of the domain area will be
referred to as PIC >12.5 and PMCS >12.5. Next, the percentage of time that the total
area of all convective storms types exceeds 60% of the domain area will be identified
as PCONV >60. Lastly, the percentage of time that the total area of all convective
storms types with echo top heights greater than 6 km exceeds 60% of the domain
area will be identified as PDCONV >60.
The first analysis to be discussed is the percentage of time that convection
was classified in the small radar domain using Method 1, during 2005. This clearly
demonstrates that isolated storms are most commonly present in the domain (Fig.
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21a). During 2005, over 60% of the time at least one isolated storm was present.
Furthermore, this analysis shows that isolated storms and MCSs with higher echo
tops are more commonly present in the domain during the months of June through
October.
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Figure 21: Percentage of time convection is present in the small radar domain during
2005 using three methods, a) Method 1, b) Method 2, and c) Method 3, and the
percentage of time the area of convection exceeds 12.5% of the small radar domain
area using d) Method 1, e) Method 2, and f) Method 3. The percentage of time the
area of all types of convection exceeds 60% of the small radar domain g) Method 1,
h) Method 2, and i) Method 3. Solid lines represent isolated storms and dashed lines
represent MCSs.
The climatology of storms in 2005 using Method 2 again demonstrates that
isolated storms are commonly present in the small radar domain (Fig. 21b). However,
in comparison to Method 1, isolated storms and MCSs with Middle, Upper, and TTL
heights are more frequently present in the domain. The percentage of time increase
is most apparent for MCSs with Upper depths, increasing nearly 20% from Method
1. This increase in percentage of time is due to the fact that additional storms were
on the edge of the domain in Method 1 were excluded from the classification, but
are now included. As was the case for Method 1, a seasonal variation is observed for
isolated storms and MCSs classified using Method 2.
Finally, the classification of storms using Method 3, when storms are only
classified within 115 km of the radar site, shows lower percentages of time that isolated
deep storms are present in the domain than Methods 1 and 2 (Fig. 21c). The
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most noticeable difference is the decrease in percentage of time isolated deep storms
with Upper and TTL echo top heights are present in the domain. This decrease in
percentage of time can be attributed to an absence of these storms within 115 km
of the radar site. The percentage of time MCSs are classified within 115 km of the
radar domain was less than the percentage of time in both Methods 1 and 2, which
is due to the spatial limitation of the domain in this method.
The second analysis is the percentage of time the area of both isolated storms
and MCSs exceed 12.5% and 60% of the radar domain. As was previously men-
tioned, these percentages are important for aviation because aircraft not only needs
to have vertical clearance around convection, but also needs horizontal clearance of
convection for take-off and landing procedures. Furthermore, aircraft operations are
not allowed in regions where more than six-tenths of the area is covered by convec-
tion. Examinations of storm climatologies using Methods 1 and 2 demonstrate that
PIC >12.5 was never greater than zero. On the other hand, PMCS >12.5 and PCONV >60
was occasionally greater than zero. PMCS >12.5 and PCONV >60 was greater than zero
most frequently during the summer months. Both were, however, less than 25% of
the time. Lastly, in comparison to Methods 1 and 2, Method 3 demonstrates PIC
¿ 12.5 was often greater than zero during the summer months, but was always less
than 1%. PMCS >12.5, PCONV >60, and PDCONV >60 using Method 3 is greater than both
Methods 1 and 2. More specifically, MCSs with Middle, Upper, and TTL echo top
heights exceed the area threshold most often in the summer, with a maximum near
25% of the time. This increase in percentage of time can be explained by the decrease
of domain area size from approximately 166,000 km2 to 41,500 km2, meaning storms
classified as MCSs are naturally covering more of the domain area.
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4.2 Statistical Comparison of Sensitivity Tests
Determining if there are significant statistical differences between the clas-
sifications of storm types using the three different methods aids in understanding
the limitations of these methods. The percentages of time convection (isolated and
MCSs) was present in the domain using Methods 1 and 2 appear similar (Fig. 22a-b).
Percentages of isolated storms decrease as storm depth increases, though the values
are lower for Method 1 because storms on the edge were excluded. On the other hand,
the percentage of time MCSs were present in the domain increases with storm depth
for both methods. However, from the p-values calculated from a two-tailed proportion
test with 95% confidence (Table 13), it can be concluded that there are significant
statistical differences in the percentage of time convection is in the domain using
Method 1 and 2, except for convection with Stratosphere depths. Furthermore, there
are significant statistical differences between PCT >12.5, PCONV >60, and PDCONV >60
using Methods 1 and 2 (Tables 14 and 15, Fig. 22c). In summary, though qualita-
tively the results of Method 1 and Method 2 climatologies are similar, quantitatively,
these results differ significantly.
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Table 13: p-values calculated from a proportion test with 95% confidence for the
percentage of time convective storms are present in the small radar domain using
Method 1 and Method 2 during 2005.
Low Middle Upper TTL Stratosphere
p-value 1.61E-41 5.47E-177 9.06E-661 8.16E-113 0.2513
Table 14: p-values calculated from a proportion test with 95% confidence for the
percentage of time the area of convective storms cover more than 12.5% of the small
radar domain using Method 1 and Method 2 during 2005.
Low Middle Upper TTL Stratosphere
p-value 1 3.64E-8 2.96E-58 3.60E-23 0.1025
Table 15: p-value calculated from a proportion test with 95% confidence for the
percentage of time the area of all types of convective storms and only deep convective
storms exceeds more than 60% of the small radar domain using Method 1 and Method
2 during 2005.
p-value
Convection 1.97E-45
Deep Convection 3.19E-45
Determining if there are statistical differences between the 2005 classification
results using Method 2 and Method 3 is also of interest (Fig. 22). Tables 16, 17, and 18
display the p-values calculated from a two-tailed proportion test with 95% confidence
for the percentage of time convection is present, PCT >12.5, PCONV >60, and PDCONV >60.
The p-values calculated from the proportion tests once again demonstrate that while
qualitatively the results are similar, quantitatively there are significant statistical
differences between the results from the classification using Method 2 and Method 3
for all depths except Stratosphere. The reasons for these significant differences are
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related to the height of the radar beam as the radius increases from 115 km to 230
km. More specifically, the radar beam height is approximately 2 km at a range of
115 km, while at 230 km the radar beam is at an altitude of approximately 5 km,
which is near the reflective freezing level. This is further confirmed by examining
the classification of shallow stratiform regions using Methods 2 and 3. This analysis
shows that shallow stratiform regions are present in the domain more frequently when
classified using Method 3.
Table 16: p-values calculated from a proportion test with 95% confidence for the per-
centage of time convective storms are present within the small radar domain (Method
2) and within 115 km of the radar site (Method 3)
Low Middle Upper TTL Stratosphere
p-value 5.89E-181 4.33E-447 <1E-1000 3.29E-208 0.0023
Table 17: p-values calculated from a proportion test with 95% confidence for the
percentage of time the area of convective storms covers more than 12.5% of the small
radar domain Method 2 and the domain area within 115 km of the radar site (Method
3).
Low Middle Upper TTL Stratosphere
p-value 8.68E-70 5.57E-103 0.0004 2.94E-25 0.1797
Table 18: p-value calculated from a proportion test with 95% confidence for the
percentage of time the area of all types of convective storms and deep convective
storms exceeds more than 60% of the small radar domain using Method 2 and Method
3 during 2005.
Storm Type p-value
Convection 1.02E-44
Deep Convection 1.02E-39
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Although altering the domain size and excluding storms on the edge of the
domain does create significant statistical differences in the percentage of time that
storms are present and cover a portion of the domain, the remainder of the study will
utilize the results of Method 2. Though the classification of storms using Method 2
may be significantly different than Method 1, having at least some sense of convective
type at the boundary is advantageous in an operational aviation setting, especially for
vertical clearance. Furthermore, because both the ground-based and satellite-based
radar data are very limited spatially and temporally, any information about storm
properties is of value. Lastly, Method 2 maximizes the percentage of time storms are
present in the domain, which would entail a conservative approach utilized in aviation
operations.
4.3 Ground-based Radar Classification
In this section, the results of Method 2 are discussed to understand the dif-
ferences between the storm climatologies from 2005, 2010, and 2011. This in an
important comparison because enhanced amounts of convective features throughout
a year affects aviation operations, and thus, has economic impacts. To recapitulate,
2005 was a normal year in terms of rainfall, 2010 produced below average rainfall,
and 2011 produced above average rainfall near Guam. To begin, an overview of the
percentage of time isolated storms and MCSs were present is provided to develop a
sense of which storm type was most frequently present in the domain and if seasonal
variations like that in 2005 are apparent in 2010 and 2011. In addition, PDCT >12.5,
PCONV >60, PDCONV >60 are discussed. Afterwards, the difference in the percentage of
time convective storms were present in the domain between 2005, 2010, and 2011 is
presented.
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The storm type climatology for the years 2005, 2010, and 2011 (Fig. 23),
indicates that isolated storms with Low and Middle echo top heights occur frequently
year round, while the presence of isolated with Upper and TTL echo top heights
peak during the summer and fall. The percentage of time MCSs with higher echo top
heights are present in the domain during these years clearly shows that MCSs are much
less common than isolated storms during the first six months of the year. Furthermore,
after June, the percentage of time MCSs are present increases to maximum values
during the summer months. In summary, isolated storms and MCSs with higher
echo top heights are more frequent in the summer months. With regard to areal
coverage, the area of isolated storms is never greater than 12.5% of the domain. On
the other hand, the area of MCSs frequently exceeds 12.5% of the domain. This
is especially true June through October for MCSs with Middle and Upper echo top
heights. Furthermore, more than 60% of the domain was covered by convection most
often during the summer months.
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Figure 23: Percentage of time convection is present using ground-based radar within
the small radar domain (Method 2) during a) 2005, b) 2010, c) 2011. d-f) Percentage
of time the area of convection exceeds 12.5% of the domain area during 2005, 2010,
and 2011. g-i) Percentage of time the area of convection (all types of isolated deep
and MCSs) and only deep convection exceeds 60% of the small radar domain during
2005, 2010, and 2011. Solid lines represent isolated deep storms and dashed lines
represent MCSs.
Evidence of annual variability is present in Fig. 23. For example, the percent-
age of time convective storms were present in the small radar domain during 2010 is
subtracted from 2005 because 2010 had below average rainfall (Fig. 24a). In general
it is observed that the percentage of time isolated storms were present in the domain
was greater for 2005 than 2010, especially for isolated with Upper and TTL echo top
heights (Fig. 24). This higher percentage during 2005 also occurs for MCSs with
Upper and TTL heights (Fig. 25a). This suggests that convective storms with higher
echo top heights are present in the small radar domain less often during a below-
average rainfall year. On the other hand, weaker storms occur as often or more often
during a below average rainfall year. Secondly, the difference in the percentage of time
convective storms were present in the domain between 2005 and 2011 is provided in
Figs. 24b and 25b. In this case, because 2011 is above average, the percentage of time
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(˜12-15◦latitude), 28% of swaths passed below the latitudinal range of the ground-
based radar, and the remaining 21% of TRMM swaths passed above the latitudinal
range of the ground-based radar. The effects of use of an inconsistent sampling
location and area on the results of the climatology are discussed in Sections 4.5
and 4.6.2. To begin, the percentage of time isolated storms are present in the large
domain for all three climatology years is provided in Fig. 26. All types of isolated
storms, with the exception of Stratosphere, are present in the domain throughout
all three years. In general, from April to December isolated storms with Middle
and Upper heights are the most common storm type present in the domain, though
the maximum percentage of time is less than the percentage of time determined
using the ground-based radar. Unlike the ground-based radar climatology, seasonal
variation is not as apparent, especially for isolated storms with Upper and TTL
heights. The most noticeable difference between the ground-based and satellite-based
radar climatology is the decrease in the percentage of time isolated storms with Low
heights were classified with the satellite-based data. This difference may be caused
by different methods used to calculate the echo top height with each radar. More
specifically, in order for TRMM to output an echo top height, the pixel must have a
high confidence of rain present. Furthermore, the frequency of low convective storms
may be overestimated in the ground-based radar climatology due to ground clutter
or beam blockage.
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Figure 26: Percentage of time convection is present in the large domain during a)
2005, b) 2010, and c) 2011 using satellite-based radar. Percentage of time the area
of convection exceeds 12.5% of the satellite swath area during d) 2005, e) 2010, and
f) 2011. Percentage of time the area of deep convection (all types of isolated deep
and MCSs) and only deep convection exceeds 60% of the satellite swath area during
g) 2005, h) 2010, and i) 2011. Solid lines represent isolated deep storms and dashed
lines represent MCSs.
The climatology of MCSs classified using TRMM data demonstrates that all
MCS types were present in the domain at least once (Fig. 26). In comparison with
ground-based radar climatology, the following are noted:
• the satellite-based climatology also shows that MCSs with Middle and Upper
depths are generally the most common MCS storm types;
• there is a similar increase in the percentage of time MCSs with Middle, Upper,
and TTL heights are present in the domain during the months of June through
September;
• the percentage of time that MCSs with Middle and Upper depths are present in
the domain during the months of August through October is very comparable
to those percentages found using ground-based radar;
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• the percentage of time that MCSs with TTL depths were present in the domain
is generally greater when classified with TRMM data. This implies that the
spatial limitation of the ground-based radar may influence the classification of
deeper MCSs.
The results of PIC >12.5 demonstrates that the irregular swath size may in-
fluence this percentage of time (Fig. 26 d-f). PIC >12.5 reaches 3%, where in the
ground-based radar classification this area threshold was never surpassed. This may
indicate that when the swath area is much less than the area of the radar coverage
and isolated storms are present, that the area threshold is more likely to be surpassed.
On the other hand, PMCS >12.5 had values similar to those in the ground-based cli-
matology (Fig. 26d-f) and was greater than PIC >12.5. The MCSs with Upper depths
were the most common storm type to exceed the area threshold, especially during the
summer months, which was also the case for the ground-based radar climatology. Fur-
thermore, as with the ground-based radar climatology PCONV >60 and PDCONV >60 was
greater than zero most often in the summer and fall, but the maximum percentages
of time determined from the satellite-based climatology was less (Fig. 26g-i).
As in Section 4.3, the percentage differences between each study year are dis-
cussed in order to determine if using a different data source alters the results, and
ultimately, the way aviation operations would be assessed during above- and below-
average rainfall years (Figs. 27 and 28). In comparison to 2010, the percentage of
isolated storms and MCSs present in the domain for the majority of 2005 was greater.
This increase in percentage of time is also noted when the climatology from 2011 is
compared to 2010. However, when the first portion of 2011 is compared to 2005, the
percentage of time isolated storms with higher echo top heights are present in the
domain is greater in 2005, while lower isolated storms are more common in 2011.
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4.5 Statistical Comparison of Ground-based Radar and Satellite-based
Radar Classification
A statistical comparison of the ground and satellite-based radar classifications
is necessary because in an operational setting, multiple data sources would be available
and an understanding of the limitations with each is important. As done previously,
two-tailed proportion tests with 95% confidence are used to statistically compare the
results of the ground-based radar and satellite-based radar classifications (Fig. 29).
The p-values from this analysis are provided in Tables 19 and 20. First, there is a
significant statistical difference between the percentage of time convection is present
in the small radar and large domain for all of the study years, with the exception of
convection with Stratosphere depths. There are four reasons that significant statisti-
cal differences are found between the ground-based and satellite-based climatologies.
These reasons are the sampling of different storm populations, the convolution radius
utilized in the methodology, the convective threshold of 40 dBZ, and the influence of
beam blockage and the ”cone of silence”. Analysis indicated that the satellite-based
radar sampled storms outside of the latitudinal range of the ground-based radar al-
most 50% of the time. An example of the ground-based and satellite-based radars
sampling different storm populations at approximately the same time is provided in
Fig. 30. In this example the satellite-based radar classified a majority of MCSs while
the ground-based radar classified only isolated storms. In addition, because TRMM is
capable of sampling a large latitudinal range, storms associated with the progression
of the Intertropical Convergence Zone (ITCZ) can be sampled more frequently.
The second cause for the significant statistical differences in the percentage of
time storms were present in the domain is the convolution radius implemented in the
Method for Object-Based Diagnostic Evaluation (MODE). Due to the coarser hori-
zontal resolution of TRMM precipitation data storms were not identified as objects
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in MODE. This was especially the case for the climatology of Isolated Low storms.
When the convolution radius was decreased to 4 km for satellite-based radar data for
August 2005, the percentage of time Isolated Low storms were present in the domain
increased. Figure 31 represents objects identified using MODE using the original and
decreased convolution radius. Overall, when the convolution radius decreased, sig-
nificant statistical differences were still found in the percentage of time storms were
present in the domain.
The third reason significant statistical differences were found in the percentage
of time storms were present in the domain is also related to the horizontal resolu-
tion of the satellite-based radar data. Because the satellite-based radar data has a
coarse resolution, finer reflectivity details that are shown in ground-based radar data
are smoothed out in the satellite-based radar data. An additional investigation was
performed to determine how the convective threshold of 40 dBZ influences the classifi-
cation of storm types from satellite-based radar. Decreasing the convective threshold
from 40 dBZ to 35 dBZ for August 2005 for the satellite-based radar data, increased
the percentage of time Isolated Low storms were present in the domain to nearly
70%. An increase in percentage of time also occurs for the remaining storm types.
These percentages of time are also more comparable to the results of the ground-
based radar climatology when the convective threshold is decreased to 35 dBZ for the
satellite-based climatology.
The final explanation for the significant statistical differences in the percent-
age of time storms were present in the domain is caused by beam blockage and the
”cone of silence” in the ground-based radar data. Beam blockage frequently caused
objects that were originally one storm to be divided into two regions which would
then influence the classification increasing the percentage of time that Isolated Low
storms were present in the domain. Finally, storms within the cone of silence (the
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region directly above the radar) causes the distribution of storms to shift between
deeper to lower storms.
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Figure 29: Percentage of time a) isolated storms and b) MCSs are present in the small
radar domain from the ground-based radar climatology and the large domain from
the satellite-based radar climatology. The percentage of time the area of convection
exceeds 12.5% of the small radar domain from the ground-based radar climatology and
the large domain from the satellite-based radar climatology is represented in c). The
percentage of time the area of all types of convective storms and only deep convective
storms exceeds more than 60% of the small radar domain from the ground-based
radar climatology and the large domain from the satellite-based radar climatology is
represented in d).
Table 19: p-values calculated from a proportion test with 95% confidence for the
percentage of time convective storms are present in the small radar domain from the
ground-based radar climatology and the large domain from the satellite-based radar
climatology.
Year Low Middle Upper TTL Stratosphere
p-value 2005 <1E-1000 6.45E-360 4.77E-23 1.89E-75 0.5053
p-value 2010 <1E-1000 4.88E-198 3.79E-25 4.77E-371 N/A
p-value 2011 1.46E-994 <1E-1000 0.0411 1.97E-182 N/A
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and PDCONV >60 between the ground and satellite-based climatologies during 2011
(Table 21).
Table 20: p-values calculated from a proportion test with 95% confidence for the
percentage of time the area of convective storms more than 12.5% of the small radar
domain from the ground-based radar climatology and the large domain from the
satellite-based radar climatology.
Year Low Middle Upper TTL Stratosphere
p-value 2005 0.6949 0.0002 8.86E-8 3.43E-7 0.6145
p-value 2010 0.8643 0.0007 9.27E-14 1.23E-47 N/A
p-value 2011 0.0006 0.9816 0.334 1.52E-27 N/A
Table 21: p-value calculated from a proportion test with 95% confidence for the
percentage of time the area of all types of convective storms and only deep convective
storms exceeds more than 60% of the small radar domain from the ground-based
radar climatology and the large domain from the satellite-based radar climatology.
Year p-value
Convection 2005 5.79E-10
Deep Convection 2005 5.07E-10
Convection 2010 2.31E-108
Deep Convection 2010 2.31E-108
Convection 2011 0.665
Deep Convection 2011 0.7189
4.6 Discussion of Observational Results
4.6.1 Seasonal Variability
As was discussed in the previous result sections, seasonal trends for several
storm types are apparent, in the PGUA and TRMM classifications, in both the per-
centage of time storms are present and in the domain percentage that is covered.
Figure 32 shows the average PCT >12.5 for all three study years. It is clear that from
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and increasing sea surface temperatures (SST), upon which deep convection in the
tropics has been found to be dependent (Zhang 1993, Lau et al. 1997). Though this
study does not consider amounts of specific types of rainfall, the increased frequency
of convection during summer months are consistent with the climatology created by
Kodama et al. (2009). In addition, Biasutti et al. (2012) studied climatological pat-
terns of rain frequency, defined as the percentage of observations at a given location
during which rain was detected using TRMM PR near surface reflectivity, and rainfall
intensity from 1998 to 2007. In the area of interest for the current study, they deter-
mined that rainfall is frequent in the Maritime Continent throughout the year, and
has a less pronounced dry season, which is evident in the current study as isolated
storms with lower echo top depths are present more than 60% year round (Figs. 24
and 27). Furthermore, Biasutti et al. (2012) found that there is a noticeable increase
in rainfall frequency during the summer months (Fig. 34), which is consistent with
the increased presence of deeper convection identified in this study.
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(Climate Prediction Center ENSO Diagnostic Discussion 2010). Lastly, during 2011,
a strong La-Nin˜a was present in the first few months but decreased to a weak La-
Nin˜a throughout the year (Climate Prediction Center ENSO Diagnostic Discussion
2011). As previously mentioned, seasonal trends are apparent in the percentage of
time both isolated and MCSs were in the domains. However, the percentage of time
varies considerably for each year, raising the question if El-Nin˜o patterns did influence
the results. A qualitative analysis for only isolated storms in the small radar domain
during 2010 shows that during the month of January when a moderate El-Nin˜o was
observed, the percentage of time isolated storms with Middle and Upper depths were
present is different from 2005 and 2011, which is also the case for isolated storms
with Upper depths in the months of March and April (Fig. 24). However, when a
La-Nin˜a was observed during 2010, only the percentage of time isolated storms with
Middle depths are in the domain is actually greater than the same storm type in 2005
and 2010 (Fig. 24). Therefore, El-Nio and La-Nin˜a can influence the percentage of
time storm types are present in the domain. Nonetheless, more analysis of SST and
climatic oscillations is needed to verify this preliminary finding.
4.6.2 Limitations of the Climatology
The results of this study are limited by several factors. First and foremost, the
results are exclusively from three separate years. In general for climatologies, a large
number of years is preferred to reduce the impact of extreme values in the data. In
addition, the influence of climatic patterns, such as ENSO may significantly affect the
results with limited years. Secondly, the use of Level 3 ground-based radar data intro-
duces quality control (QC) that was performed by an outside source for which detailed
documentation is not available. QC includes the removal of non-meteorological ob-
jects such as buildings and birds, and corrections due to the attenuation of the radar
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Table 22: Oceanic Nin˜o Index (3 month running mean of SST anomalies for 5 ◦N-5 ◦S, 120-170 ◦W; Climate Prediction
Center 2015).
Year DJF JFM FMA MAM AMJ MJJ JJA JAS ASO SON OND NDJ
2005 0.6 0.4 0.3 0.3 0.3 0.3 0.2 0.1 0.0 -0.2 -0.5 -0.8
2010 1.6 1.3 1.0 0.6 0.1 -0.4 -0.9 -1.2 -1.4 -1.5 -1.5 -1.5
2011 -1.4 -1.2 -0.9 -0.6 -0.3 -0.2 -0.2 -0.4 -0.6 -0.8 -1.0 -1.0
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beam by hydrometeors. Furthermore, several radar scans suffered beam blockage that
created two separate objects in MODE that were in reality one object. These objects
were then classified as individual storms. Another limitation with Level 3 radar data
is that reflectivity values were output in 5 dBZ increments, without documentation
on what dictates what rounding method is used. This could influence the amount of
storms classified as convective if the true reflectivity values were less than 40 dBZ.
Thirdly, the use of base reflectivity with an elevation angle of 0.5◦ may influence the
storm type classification when it is farther from the radar site. More specifically,
at the farthest distance the radar beam is near the freezing level, which is highly
reflective. Additionally, the cone of silence causes the radar to miss storms directly
over the radar site. Lastly and most importantly, the inconsistency in TRMM swath
area could influence the convective coverage percentages. An additional investigation
was performed for 2005 to determine how often the area of the satellite swath was
greater or significantly less than the areal coverage of the ground-based radar (Table
23). Each month, over 55% of the satellite-based radar observations had a swath area
greater than the ground-based radar area. Furthermore, less than 11% of satellite-
based radar observations each month had a swath area less than 6% of the area of
the small radar domain. This indicates that the percentage of time the area of storms
exceeded 12.5% of the domain area was less influenced by the scans with very small
areas.
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Table 23: The number of satellite-based radar swaths per month in the large domain
along with the percentage of observations whose areas were greater or less than the
ground-based radar area domain (GBR; 1.66 x 102 km2) during 2005.
Month Number
of Obser-
vations
(Obs.)
Average
Area (x
105 km2)
Percentage
of Obs. >
GBR
Percentage
of Obs. <
GBR
Percentage
of Obs. <
104 km2
January 107 2.73 62.6 37.4 4.7
February 103 2.22 56.3 43.7 13.6
March 83 2.69 72.3 27.7 7.2
April 105 2.33 63.8 36.2 5.2
May 110 2.28 60.9 39.1 9.1
June 106 2.33 59.4 40.6 8.5
July 112 2.29 60.7 40.3 9.8
August 109 2.35 63.3 36.7 4.6
September 105 2.26 60 40 10.5
October 110 2.3 59.1 40.9 7.3
November 108 2.31 60.2 40.8 9.3
December 110 2.30 61.8 38.2 8.2
4.6.3 Influences of Climatology Results on Aviation Operations
The results of the storm type climatologies indicate that aviation operations
would be influenced the most during the summer months. During this time isolated
and MCSs with higher echo top heights and larger areal coverage are present more
frequently which would impact flight routes, takeoff and landing procedures, and
delay or cancel flights. In regards to vertical separation requirements used by NASA’s
Global Hawk and previous FAA avoidance policies to avoid convective hazards, the
flight height would need to increase in order to remain a safe distance above significant
convective tops during the summer months. Furthermore, during years when greater
precipitation amounts are predicted in association with climatic oscillations aviation
operations could be altered.
102
4.6.4 Storm Type Hazard Risk
It has been determined that isolated storms are present in both the small radar
and large domains more frequently than MCSs (Figs. 23 and 26). However the area of
MCSs more commonly cover more than 12.5% of the domains. Still, isolated storms
with deeper depths have the potential to create turbulent regions more frequently
than MCSs because these storms are more frequently in the domains.
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CHAPTER 5
RESULTS AND DISCUSSION: MODEL INVESTIGATION OF
CONVECTIVELY-INDUCED TURBULENCE
5.1 Case Day Selection
A 48 hour period beginning on 5 August 2005 was used to simulate tropical
convection near Guam using WRF. This period was chosen by determining the con-
secutive 48 hour period from the three year climatology study (see Chapter 4) that
had the highest percentage of time both isolated deep storms and MCSs were present
in the domain. This 48 hour period represents a worst case scenario of convection.
Simulating a period in which convection was present the majority of the time is done
in order to ensure gravity wave signatures and to gain a sense of how intense tur-
bulence could be during an active period. The average number of objects present in
each radar scan during the 48 hr period was 24. During the full 48 hr period, isolated
deep storms with Low, Middle, Upper, and TTL (tropopause transition layer) depths
are in the radar domain more than 87% of the time. MCS Middle, Upper, and TTL
depths are present in the radar domain more than 15% of the time. Breaking the
time period into 24 hr segments, on 5 August shallow stratiform regions accounted
for 39% of the objects classified, Isolated Deep storms with Low heights accounted
for more than 25% of the objects, and MCSs accounted for less than 1% of storms
(Fig. 35a). However, on 6 August the total percentage of MCSs classified increases
to more than 5%, the majority being MCSs with Upper and TTL depths (Fig. 35b).
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00 UTC and 12 UTC was near 550 hPa, approximately 5.2 km in height mean sea
level (MSL). Furthermore, convective available potential energy (CAPE) at 00 UTC
and 12 UTC was 1713 J kg-1 and 1983 J kg-1. In comparison to 00 UTC, at 12 UTC
a drier environment was present from 800 hPa to 400 hPa.
WRF simulated soundings on 5 August at 00 UTC and 12 UTC (Fig. 36)
indicate that the equilibrium level was near 125 hPa and 120 hPa, respectfully. The
freezing level was near 560 hPa (5 km in height) at 00 UTC and 540 hPa (5.3 km
in height MSL) at 12 UTC. In addition, CAPE during 00 UTC and 12 UTC was
1953 J kg-1 and 1913 J kg-1. In comparison to the 00 UTC simulated sounding,
the 12 UTC sounding has a drier environment, similar to that of the observed 12
UTC sounding. Overall, the observed and simulated atmospheric parameters are
very similar indicating the model simulation was initialized well.
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of Guam. By 19 UTC, the number of isolated cells present in the radar domain has
decreased, but isolated cells continue to be present in the domain through 23 UTC.
Climatological observations collected at Guam International Airport on 5 August
indicated 0.15 inches of precipitation over the 24 hour period.
Simulated convection from 00 UTC to 12 UTC on 5 August was of similar
intensity to storms observed with the radar, as 1 km reflectivity was between 45 dBZ
and 50 dBZ. Numerous cells were present in the model domain, although the location
of the majority of these storms were to the north and northwest of Guam and outside
the radar domain. Furthermore, these cells were collocated with one another and
a part of a larger complex of cells. With time the number of cells and intensity
decreased, especially to the north of Guam. By 19 UTC, simulated storms within
the radar domain are mostly absent, and stronger convective features are present to
the south and northeast of Guam. In contrast to the observations collected with the
radar, the size and longevity of simulated storms was greater. However, the intensity
of simulated convection was similar to that observed.
5.2.2 6 August 2005
From analysis of radiosondes launched from Guam International Airport at
00 UTC and 12 UTC on 6 August the equilibrium level was near 117 hPa and 125
hPa, respectfully (Fig. 38). The freezing level at 00 UTC and 12 UTC once again
was located at 550 hPa, approximately 5.2 km in height MSL. CAPE at 00 UTC and
12 UTC was 1961 J kg-1 and 1583 J kg-1. In comparison to 12 UTC, at 00 UTC a
drier environment was present from 900 hPa to 300 hPa.
Simulated soundings on 6 August at 00 UTC and 12 UTC indicate that the
equilibrium level was near 125 hPa (Fig. 38). The freezing level at 00 UTC and 12
UTC was located at 570 hPa, approximately 5 km in height MSL. In addition, CAPE
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once again present in the southern portion of the radar domain, with reflectivity at
1 km greater than 40 dBZ. The number of isolated cells in the entire radar domain
continues to increase throughout the remaining nine hours of 6 August. According
to climatological records, Guam received 0.48 inches of precipitation on 6 August
(NCDC 2015).
Simulated convection from 00 UTC to 12 UTC on 6 August indicated that
storms with areal coverage less than 1% of the domain area were present to the east
and north northeast of Guam. To the south of Guam stronger larger convective fea-
tures were present. Convection continued to propagate from the east to the southwest
and from the south to the northwest. By 14 UTC, more isolated cells are simulated
to the north of Guam and propagate into the radar domain. The intensity of these
cells increases as they move south. In comparison to the radar observations, the areal
coverage and lifespan of simulated convection was more similar on 6 August than on
5 August. In addition, the direction of propagation of simulated storms was more
similar to radar observed propagation on this day as well.
In the following section results from the first 24 hours of the 48 hour modeling
study, which are divided into 6 hour periods, are discussed. Turbulence is analyzed at
altitudes of 10, 14, 18, and 20 km, in order to be applicable to high altitude aviation
operations. These heights represent a region below the TTL, within the TTL, at the
tropopause, and within the stratosphere.
5.3 Simulation of Convection and Estimation of Turbulence Results
Convection simulated during the first six hours of the simulation period can be
divided into five convective features by examining echo top heights (Fig. 40). Feature
1 is an individual cell with a maximum echo top height of 15 km. Feature 2 is a large
complex of cells that have echo top heights greater than 14 km. During the first six
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As stated above, MS turbulence is located in the same regions as convective
features, but MS turbulence is also found in regions where convective features have
not been identified (see circled regions in Fig. 41). Further evaluation shows that
these areas of turbulence are caused by the presence of vertical wind shear. Although
clear air turbulence not associated with convection can pose a hazard to aviation
operations, for the purpose of this study only convectively induced turbulence is
discussed in detail.
During the next six hours (06-12 UTC) of the simulation, features 3-5 develop
convective elements at the scale of the analysis domain resolution (Fig. 40b). Feature
3 is a large region of cells in close proximity to one another, with echo top heights
less than 10 km. In addition, Features 4 and 5 have a more uniform distribution of
echo top heights, generally less than 12 km. While Feature 1 intensity has decreased,
the intensity of Feature 2 has increased. Furthermore, two additional convective
features are present in the domainFeature 6 is an elongated linear feature with echo
top heights less than 10 km and Feature 7 is a complex of small isolated cells with
echo top heights less than 10 km. Turbulence at 12 UTC is once again located near
the convective features, especially near features 1, 2, 4, and 6 (Fig. 43). In addition,
a vast region of MS turbulence is located in the northwest corner of the domain
and extends well beyond the regions of convection at 10 and 14 km. This intense
turbulence corresponds to an area of enhanced vertical wind shear and turbulence
propagating away from convection. However, determining which turbulence features
are convectively induced and which are caused by air motions not related to convection
in this region is nearly impossible. In comparison to turbulence at 06 UTC, the
percentage of the domain experiencing any intensity of turbulence has increased (Fig
42). As was the case at 06 UTC, the altitude at which MS turbulence is most extensive
is 14 km, covering approximately 25% of the domain.
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percentage of the domain experiencing Light-Moderate (LM) and Moderate (M) tur-
bulence varies less than 5% during the last 24 hours. Lastly, the domain once again
experiences the most severe turbulence at 14 km (Fig. 46).
5.4 Discussion
An examination of the strength of turbulence during the 48 hr simulation
period indicates that MS is prevalent in every six hour time period up to altitudes
of 20 km. Enhanced turbulence in and near the TTL has been documented in a
number of past studies (i.e., Satheesan and Krishna Murthy 2002, Fujiwara et al.
2003, Alappattu and Kunhikrishnan 2010, Yamamoto et al. 2003). Alappattu and
Kunhikrishnan (2010; hereafter, AK) examined 44 radiosonde ascents over the Bay of
Bengal and Arabian Sea during convective free periods in 2006 from March through
mid-May to gain an understanding of turbulence characteristics in the troposphere.
From these data, eddy dissipation rates and stability parameters were calculated and
analyzed. AK found that there is a region of enhanced turbulence between 10 and
16 km in height. They hypothesized that because there is a decrease in static sta-
bility from the troposphere to the TTL (10-15 km in height) and because breaking
of Kelvin-Helmholtz waves further decreases stability, turbulence is enhanced. AK
also found a maximum in wind shear near 18 km, which may explain the intense tur-
bulence indicated by the Ellrod Index in the results presented above. Furthermore,
AK examined environmental static stability by computing the square of the Brunt-
Va¨isa¨la¨ frequency (N2). They found that between 10 and 15.5 km, N2 fluctuated
between positive and negative values and then became positive above 16 km, leading
to the rapid increase in static stability near the tropopause and a decrease in tur-
bulence. However, in this study N2 values remained positive between 10 and 14 km
and then rapidly increased above 14 km, followed by a fluctuation between increasing
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bulence could be attributed to low RI values. In this study, RI values in the layer
between 10 and 20 km were never less than 0.25 and were always greater than 0.75
(Fig. 47), indicating that turbulence may not be caused by dynamical instability.
Other studies including that of Fujiwara et al. (2003) determined that enhanced tur-
bulence observed in the tropical tropopause region over Kototabang (0.2 ◦S, 100.2 ◦E)
was convectively generated when equatorial Kelvin waves located in the tropopause
region break near the top of organized convection. In comparison to AK (2010), Fu-
jiwara et al. (2003) found that the turbulent layer near the tropical tropopause was
approximately 2 km in depth. As was previously discussed, the tropopause in this
present study was identified to be at 16 km in height and turbulence is abundant
both 2 km above and below the tropopause.
Due to the severe intensity of turbulence calculated over the entire simula-
tion period, the formulation of the Ellrod Index was analyzed to provide perspective
regarding the applicability of the results. The formulation of the original Ellrod In-
dex (TI1) was based on previous studies that correlated meteorological parameters
that were thought to influence clear air turbulence (CAT) to the frequency of mod-
erate or severe turbulence encounters. The two Ellrod indices (TI1 and TI2; refer
to Section 3.6) were evaluated with model resolutions greater than 50 km and were
positively accepted by the meteorological community as effective indices for forecast-
ing CAT caused by Kelvin-Helmholtz instabilities. The specific intensity thresholds
(e.g. Moderate-Severe) were selected empirically by comparing index values with the
location and intensity of observed CAT. These indices were designed for predicting
turbulence within synoptic features in the U.S. and all verification excluded turbu-
lence associated with convection or mountains. According to Behne (2008), Aviation
Weather Center forecasters have reported a tendency for Ellrod Index values to over-
estimate the potential for turbulence, especially over the southern U.S, in association
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with the subtropical jet. This tendency occurred for the North American Mesoscale
Weather Research and Forecasting model (NAM-WRF), with a horizontal resolution
of 12 km.
To test the impact of resolution on the turbulence analysis presented herein,
a comparison of turbulence calculated with a coarser resolution was performed. An
example of TI2 with 1.66 km and 15 km horizontal grid spacing for the innermost
domain at 12 UTC on 6 August 2005 is provided in Fig. 48. At 14 km and 20 km
nearly all of the MS turbulence in the northern and southern portions of the domain is
absent when a coarser horizontal resolution is implemented. In addition, convectively-
induced gravity waves can be seen propagating away from updraft regions at 20 km
when a finer horizontal resolution is used. However, convectively-induced gravity wave
features are absent at 20 km when a coarser model resolution is used. Furthermore,
because the original empirical values of the Ellrod Index (TI1 and TI2) were calculated
from coarse horizontal resolution, a comparison of VWS, DEF, and CVG terms (refer
to Section 3.6) was also performed for the original 1.667 km horizontal resolution of
this study and for 15 km horizontal resolution. This comparison led to the conclusion
that the VWS term has the greatest influence on the estimation of turbulence because
the magnitude of VWS is the largest (˜10-2 - 10-3), and with a coarser resolution, VWS
is considerably less, therefore decreasing the intensity of the estimated turbulence and
the percentage of the domain covered by intense turbulence.
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where f is the Coriolis parameter and the terms in brackets are absolute vortic-
ity, shearing deformation, and stretching deformation (Brown 1973). Using Browns
indicator, Roach and Bysouth (2002) found that severe CAT in tropical latitudes
was associated with upper-level troughs generated by buckling of the Northern Hemi-
sphere subtropical jet, and was not directly tied to convectively-induced CAT.
As others have tried to improve upon the Ellrod Index, additional turbulence
estimations that have been created to aid forecasting of high-altitude CAT for aviation
operations (e.g., the Brown Index, the Dutton Index; Dutton 1980, and the Ellrod-
Knox Index; Lee 2013). One example of an adjustment is the Ellrod-Knox Index
(Ellrod and Knox 2010). The original Ellrod Index (TI1) was adjusted to account
for divergence tendency to identify CAT in situations of rapidly changing divergence
associated with anticyclonic flow (hereafter, DTI). DTI is simply the sum of the TI
and the divergence trend term (DVT), which is given by
DV T = C[(
∆u
∆x
+
∆v
∆y
)h2 − (∆u
∆x
+
∆v
∆y
)h1]. (5.2)
C is a constant value set to 0.1 such that the magnitude of DVT is the product
of VWS and DEF and subscripts h2 and h1 represent two forecast periods. Ellrod
and Knox (2010) verified that the addition of DTI improved the accuracy of turbu-
lence intensity in strong anticyclonic shear scenarios by comparing pilot reports of
turbulence with Rapid Update Cycle-2 (RUC-2) model gridpoint values for a total of
1168 forecast-observation pairs. The horizontal grid spacing of the RUC-2 simulations
implemented for the verification of DTI was 20 km (Benjamin et al. 2004).
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While some uncertainty in simulated turbulence comes directly from the tur-
bulence formulation chosen (i.e., the Ellrod Index), some uncertainty in turbulence
can also be attributed to model uncertainty. An examination of the vertical velocity
field at multiple heights and times indicated vertical velocities much greater than
those typically observed (Fig. 49). For example, at 22 UTC on August 5 the maxi-
mum vertical velocity is greater than 30 m s-1. Previous observational studies indicate
that the median vertical velocity in tropical regions is less than 15 m s-1 (Table 1).
A further evaluation of the means and standard deviations of only positive vertical
velocities across the first 23 hours of the simulation was performed. This analysis
indicated that the mean vertical velocity is less than 0.2 m s-1 at 10, 14, 18, and
20 km. Likewise, the standard deviation of vertical velocities was less than 0.4 m
s-1 at 10, 14, 18, and 20 km. This indicates that the maximum vertical velocities
are outliers within the data set (Fig. 50), and that these outliers are influencing the
turbulence intensity estimates. In addition to overestimations of vertical velocity,
boundary issues may be contributing to an over prediction of turbulence. Through-
out the simulation strong convection is present at the southern boundary and only
slightly varies in intensity. Numerically, continual convection located along or near a
boundary is suspect because convection entering the inner domain is poorly resolved
due to a transition in resolution and wave energy can be reflected from the bound-
ary creating numerical instability. Thus, the continual presence of convection on the
southern boundary likely resulted in inaccurate estimates of turbulence strength and
extent from those features.
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in tropical regions have documented layers of turbulence within the TTL and near the
tropopause, but the intensity was limited to Moderate and the maximum depth was
limited to below 18 km. Furthermore, utilization of the Ellrod Index was found to be
inappropriate for finer horizontal model resolutions and convectively-induced turbu-
lence because the Ellrod Index was designed for model resolutions greater than 50 km,
excluded convectively-induced turbulence in the verification, and the thresholds used
to estimate turbulence intensity have no physical meaning. Lastly, in regards to the
Federal Aviation Administration’s (FAA) previous avoidance policies regarding verti-
cal clearance over significant convective cloud tops, the recommended distance would
not be sufficient to avoid turbulence. Maximum wind speeds at echo top heights at
various times were less than 40 kts and according to the FAA avoidance policies, a
minimum vertical separation less than 1 km of cloud tops would be recommended to
avoid turbulence (Table 2). However, MS turbulence was found well above 1 km of
echo top heights. The vertical clearance required for NASA’s Global Hawk of 5,000 ft
over significant convection would also be insufficient to avoid turbulence. Moreover,
a horizontal clearance of 20 miles would also not be sufficient to avoid turbulence.
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CHAPTER 6
CONCLUSIONS
Two thunderstorm type climatologies for the Guam area are created using
ground and satellite-based radar data from 2005, 2010, and 2011. The ground-based
radar climatology is restricted to the Guam radar coverage domain (230 km radius),
while the satellite-based radar climatology is conducted in a large rectangular box
encompassing 6-21 ◦N, 134-150 ◦E. The results of the climatologies indicate that avi-
ation operations are most likely to be affected by thunderstorm activity during the
summer months. During this time, isolated storms and MCSs are present in the
small radar and large domain more often than during other seasons. Furthermore,
during the summer months the echo top heights of all storm types is at a maximum
and the Federal Aviation Administration (FAA) avoidance policies recommend that
extreme caution be implemented when flying above cloud tops greater than 35,000
ft. In addition, during the summer the total area of all convection more commonly
exceeds 12.5% and 60% of the domain area. This increase in areal coverage of con-
vection impacts the regions in which flights are allowed to operate, because the FAA
recommends avoiding areas where thunderstorm coverage is 60% or greater. Isolated
storms are most frequently present in the domain year round, indicating that isolated
storms have the potential to impact aviation operations most often. In addition to
annual variability, interannual variability was also assessed by analyzing three years
with different annual rainfall rates. In general, the annual rainfall rates did not im-
pact the storm types or storm heights observed. However, the rainiest year (2011)
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did have storm present in the domain more often in the winter months that the other
years (2005, 2010). Lastly, a 48 hour model simulation of isolated storms and MCSs
beginning on 5 August 2005 from 11-18 ◦N, 140-150 ◦E indicated large regions of
Moderate-Severe turbulence at heights from 10 km to 20 km. The greatest percent-
age of the domain was covered by Moderate-Severe turbulence was at the height of
14 km.
The results of the ground-based radar and satellite-based radar climatologies
were similar in both the percentage of time storm types were present and the per-
centage of time storm coverage areas exceeded domain specific thresholds. However,
the climatologies were statistically different. These differences can be attributed
to the spatial and temporal limitations of the data. More specifically, because the
satellite-based radar has a larger latitudinal range than the ground-based radar the
satellite-based climatology was sampling different populations of storms. In regards
to the estimation of turbulence using the Ellrod Index, the extent of turbulence iden-
tified in this study is far beyond what is observed in midlatitude regions and in the
vicinity of tropical cyclones (Lane et al. 2012; Cecil et al. 2014). Although strong
turbulence has been observed within the tropical transition layer and near the tropi-
cal tropopause using active sensing instrumentation (Satheesan and Krishna Murthy
2002, Fujiwara et al. 2003, Alappattu and Kunhikrishnan 2010, Yamamoto et al.
2003, Sunilkumar 2012), the extent of turbulence in this simulation brings into ques-
tion how appropriate the Ellrod Index is for the estimation of convectively-induced
turbulence. The comparison of turbulence estimated using the original model res-
olution simulation and a coarser resolution simulation indicates that the empirical
values of the Ellrod Index greatly depend upon model resolution. Therefore, the
current turbulence thresholds are not appropriate for resolutions of less than 12 km.
In addition, the Ellrod Index was verified using pilot reports that did not include
129
convectively-induced turbulence reports, which limits the use of this index. Thus,
the Ellrod Index is not an appropriate method for estimating convectively-induced
turbulence, and more research is needed to determine if the FAA avoidance policies
are applicable in the tropics.
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